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^Abstract
îM ost of na tu ra l populations are seriously reduced and 
ffragm ented, including the insular ones, and  they are susceptible to 
^genetic erosion and  its consequences (inbreeding depression). We 
lhave evidences show ing that genetic erosion jeopardizes the 
ifu ture of w ild populations, and  therefore its studio, a priority  in 
Ithe current conservation biology, is necessary to take adequate 
] m easures to halt such deterioration. This thesis presents a 
] particu lar case of an insular, reduced and threatened population  
ithat is subjected to genetic erosion; the C anarian Egyptian vulture. 
(O ur results show  that reduced, insular populations present 
i im poverished levels of genetic diversity, both  at neutral and 
Jfunctional loci, in  relation to their continental counterparts. We 
!show furtherm ore, that drift is the dom inant evolutionary force. 
H ow ever, w e note that the potential existence of connection 
betw een these populations m ay have partly  eased the 
im poverishm ent and  therefore it has to be taken into account 
w hen  establishing conservation m easures. We have also observed 
tha t certain evolutionary m echanism , the co-evolution of the tw o 
copies of a functional gene (MHC), m ay have also been able to 
alleviate, to som e extent, the loss of diversity suffered by island 
populations. The results of this research evidence, nevertheless, 
the existence of inbreeding depression m anifested by a negative 
effect on the reproductive capabilities of individuals. Should be 
noted, finally, the recent form ation of this population  (some 2500 
years or 200 generations, associated w ith  the arrival of hum ans in 
the C anary Islands) that contrasts w ith  the process of extinction 
tha t this dem e seems to be suffering in the present. This fact seems 
to reflect the ephem eral and vulnerable natu re  of island 
populations. P resent results indicate that loss of diversity 
negatively affects individuals and  as a result, m ay com prom ise 
the survival of populations. It is therefore necessary to carry out 
genetic m anagem ent m easures in reduced  and  highly threatened 
populations, even w hen the levels of loss of diversity are not 
alarm ing.
Resum en
La m ayona de las poblaciones naturales se encuentran  gravem ente 
reducidas y fragm entadas, incluidas las insulares, y son  
susceptibles a la erosion genetica y a sus consecuencias (depresion  
por endogam ia). Con tam os con evidencias que dem uestran  que la 
erosion genetica com prom ete el fu tu ro  de las poblaciones silvestres 
y por eso su estudio es una p rio ridad  en la actual biologia de la 
conservacion, necesario para poder tom ar m edidas que frenen  
dicho deterioro. La presente tesis p lan tea u n  caso concreto de 
poblacion insular, reducida y am enazada sujeta a la erosion 
genetica; el A lim oche canario. N uestros resultados d em uestran  
que las poblaciones insulares y reducidas presen tan  em pobrecidos 
niveles de d iversidad genetica tanto neutral como funcional, en 
relacion a sus équivalentes continentales, y que es la dériva la 
fuerza evolutiva dom inante. Sin em bargo, observam os que la 
potencial existencia de conexion entre dichas poblaciones pu ed e  
aliviar en parte dicho em pobrecim iento y por lo tanto ha de tenerse 
en cuenta a la hora de establecer m edidas de conservacion. H em os 
observado adem âs, que cierto m ecanism o evolutivo, la co- 
evoluciôn de las copias de u n  gen funcional (MHC), ha pod ido  
aliviar tam bién, en cierta m edida, la pérd ida  de d iversidad  sufrida 
por las poblaciones insulares. Los resultados de esta investigaciôn 
evidencian, no obstante, la existencia de depresion por endogam ia 
en la poblacion insular estudiada, que se m anifiesta en u n  efecto 
negative sobre la capacidad reproductiva de los indiv iduos. Cabe 
destacar, por ultim o, la reciente form aciôn de esta poblacion (hace 
2500 ahos o 200 generaciones, asociada a la llegada de los hum anos 
a las islas Canarias) que contrasta con el proceso de extinciôn que 
parece estar sufriendo en el présente. Este dato  parece reflejar el 
carâcter efim ero y vulnerable de las poblaciones insulares. Los 
resultados de este trabajo indican que la pérd ida de d iversidad  
afecta negativam ente a los ind ividuos y consecuentem ente, puede 
com prom eter la supervivencia de las poblaciones. Es necesario por 
lo tanto, realizar m edidas de gestion genetica en las poblaciones 
reducidas y altam ente am enazadas, aùn  cuando los niveles de 
pérd ida  de d iversidad no sean alarm antes.
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General Introduction
C on serva tion  Genetics, an em ergency d isc ip lin e  f o r  a W o rld
in C risis
Charles D arw in w ould  have never im agined that, only a 
few  decades after starting to und erstan d  the m echanism s that 
create biodiversity, w e w ould  have to understand , im peratively, 
the m echanism s that destroy diversity  on Earth in order to try to 
protect it. Even though the scientific and  technological 
developm ent are contributing ex traordinary  to the understand ing  
of the processes tha t generate and  m ain tain  diversity, we barely 
now  w hat happens at the top of a huge iceberg tha t melts very 
rapidly.
The great 'sixth extinction', as it has been nam ed, is the 
dram atic process of exterm ination that the species are suffering. 
This extinction is directly related to hum an  action (Leakey & 
Lewin, 1995). The 'conservation biology' discipline em erged in the 
(Soule 1985) as a response to this environm ental crisis and  in 
the search for tools to preserve biodiversity. It has been 
appropriately  described as a 'crisis discipline'. The m agnitude of 
such crisis is m anifested in the num ber of species that are 
currently  facing a problem  of im m inent extinction (some of the 
m ost pessim istic estim ates suggest tha t betw een 15 and  20% of the 
species became extinct betw een 1980 and  2000 (W orld 
Conservation M onitoring C entre (WCMC) 1992)). The fact that
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conservationist have to take quick decisions based on the lim ited 
inform ation available highlights also the urgency com plexion of 
this discipline.
The m ain  determ inistic factors tha t prom ote the extinction 
of the species are loss of habitat, in troduction  of exotic species,
over-exploitation and  pollution. These factors lead to the
reduction  of population  sizes and  this in turn , exposes
popu la tions to stochastic factors; environm ental, dem ographic or 
genetic (WCMC 1992). Thus, although the factors that caused the 
popula tions decline are elim inated, problem s associated w ith  a 
reduced  popu la tion  size will persist (Frankham  2003). Small 
popula tions are vulnerable to genetic d rift and therefore exposed 
to the loss of genetic diversity. Populations w ith  low  variability 
suffer from  a dim inished capacity of response to the
environm ental changes and  hence a reduced  adaptive potential 
(C harlesw orth  & C harlesw orth 1987; England et al. 2003; Swindell 
& Bouzat 2005). In addition, small populations have a greater 
likelihood that m ating  occur betw een relatives w hich often leads 
to an  increase of inbreeding. Inbreeding m ay reduce ind iv idual 
fitness and  survival (by inbreeding depression) accelerating the 
popu la tion  extinction risks (M adsen et al. 1996, Lacy 1997, 
A cevedo-W hitehouse et al. 2003, Liberg et al. 2005, Vilas et al. 
2006). This process is know n as 'genetic erosion' and  constitutes 
an  elem ent of prim ary im portance in  the study  of isolated 
popula tions (Mills & A llendorf 1996).
The inform ation collected during  the last decade indicates 
that, at present, m any w ild populations are severely reduced  and 
fragm ented , and  are unavoidably, subjects of the genetic erosion 
(C rnokrak & Roff 1999; A guilar et al., 2008; Frankham  2010a). 
D espite the controversy that existed until recently about the 
contribu tion  of inbreeding on the popu la tion 's  risk of extinction 
(Lande, 1988; Caro & Laurenson, 1994; Caughley, 1994; Dobson,
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1999), we have now  enough evidences, both  theoretical and  
em pirical, show ing that inbreeding undertake considerably the 
fu tu re  survival of w ild  populations (Frankham  2005;) O 'G rady et 
al. 2006). These facts set the genetic studies as a priority  w ith in  the 
field of conservation biology.
The field of conservation genetics deals w ith  the genetic 
factors that are affecting the risk of extinction of populations and  
aim  to develop appropriate  m anagem ent p lans to m inim ize these 
risks. Its m ain tool is the use of m olecular polym orphic m arkers. 
Technological advances obtained in the field of the m olecular 
biology (since the invention of the PCR (polym erase chain 
reaction) in 1988 (Saiki et al. 1988)), have allow ed us to address 
questions that w ere previously inaccessible w ith  the traditional 
techniques. Today, we can determ ine the genetic diversity, 
connectivity and  the degree of differentiation betw een isolated 
populations, as well as detecting popu la tion  declines or 
bottlenecks and calculating effective population  sizes. The genetic 
study of populations also allows setting the degree of k inship  
betw een individuals, the levels of inbreeding and  the existence of 
inbreeding depression. This inform ation is essential for: a) 
defining m anagem ent units and  populations of concern (i.e. 
differentiated and  threatened populations), b) resolving 
taxonomic uncertainties, c) detecting losses of genetic diversity  
w ithin populations, d) assessing the existence of connectivity 
betw een them  and  e) estim ating their effective popula tion  size. 
Potential solutions to alleviate the problem s associated w ith  the 
loss of genetic diversity, such as in troductions and  translocations, 
may arise from  this inform ation. In addition, know ing the degree 
of kinship betw een individuals is essential for a p roper 
m anagem ent of the breeding program s in captivity and  
réintroduction.
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There are seveiral examples w here it w as show n how  the 
in troduction, establishm ent and  reproduction  of ind iv iduals 
(outcrossing) in severiely reduced populations w ith  h igh  levels of 
inbreeding, greatly im proved  their viability (Vrijenhoek, 1994; 
W estem eier et al., 1998; M adsen et al., 1999; Ebert et ah, 2002; Vila 
et ah, 2003; Schwartz: and Mills, 2005; P im m  2006; H edrick & 
Fredrickson 2008). Sim ilarly, the genetic erosion tha t m any 
populations are cu rren tly  suffering due to the fragm entation  of 
their habitats and  the reduction of their sizes, w ould  be alleviated 
th rough  a p roper m anagem ent tha t prom oted  gene flow  betw een 
them  (Frankham  2010b). H ow ever, and  w hereas the captive- 
breeding  p rogram m es do em ploy, in m ost cases, the m olecular 
techniques and  the consequent genetic inform ation, their 
application in the m anagem ent of endangered  w ild populations is 
still in its infancy (H usband & Cam pbell, 2004; F rankham  2010a).
Several reasons could explain, from  m y point of view, the 
recurren t absence of genetics in the conservation plans to date. O n 
one hand, m olecular genetics is a relatively young  discipline (less 
than  half a century) and fairly unknow n to m any researchers 
w orking in conservation  biology. Furtherm ore, its im plem entation 
has been traditionally  quite expensive and  therefore, inaccessible 
in m any cases. N onetheless, recent technological developm ents 
and  low er costs are enabling a m ore w idespread  use of m olecular 
tools. O n the o ther hand , there has been som e scepticism  about the 
im portance of the role of genetics in  the conservation of 
populations and  its application has been only considered in a few 
exam ples such as the  ones m entioned above, and  others 
em blem atic cases of severe inbreeding depression  (e.g. the Florida 
Panther (Puma concolor couguar) or the California C ondor 
(Gymnogyps californianus) am ong others (Pim m  2006; H edrick & 
Fredrickson 2008)). Finally, there is a w idespread  fear about the 
consequences of the outbreeding  depression (i.e. fitness reduction 
of loss due to the cross-breeding w ith  other distinct populations).
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This fear ham pers the im plem entation  of rational genetic 
m anagem ent of fragm ented populations (Frankham  2010a). 
Flowever, there is little em pirical evidence of this phenom enon 
an d  it is thought tha t its risks have been exaggerated (Frankham  
2010b). There is though, need of m ore scientific effort to 
und erstan d  and  predict these risks.
Therefore, one of the m ain issues tha t has to be addressed , 
as a priority, w ith in  the field of conservation genetics (which, 
furtherm ore, justifies the developm ent of the present thesis) is the 
understand ing  of the role of the genetic factors in the decline and  
risk of extinction of w ildlife populations. To address this question 
it is necessary to properly  integrate the genetic inform ation w ith  a 
com prehensive ind iv idual ecological know ledge, as it is the case 
here.
Islands and long-lived vertebrate species
Oceanic islands (i.e. those tha t w ere form ed on the m arine 
platform s and have never been connected to the m ainland) are 
characterized by their w ealth  of endem ic species, due to the 
evolutionary processes that result from  isolation, bu t also and  
unfortunately, by their high rates of th rea t and  extinction of their 
populations and  species. The m ajority of extinctions docum ented 
since 1600 correspond to island species even though  they 
represent a small p roportion  on E arth 's biodiversity: only 20% of 
birds inhabit islands, bu t 80% of extinct species to date w ere 
insular (Myers 1979). The reasons for the increased vulnerability  
of insular populations respect to their continental counterparts are 
still controversial. It has been highlighted  their greater sensitivity 
to the stochastic factors, both  dem ographic and  environm ental
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(Pimm 1991). This susceptibility can, how ever, be p red ic ted  in  
genetic term s (Frankham  1998). Island populations are naturally  
small and have gone th rough  a bottleneck du ring  their 
foundation. This determ ines the inevitable loss of genetic diversity  
and the consequent increase of inbreeding resulting  from  a 
reduced and  finite population  size (Frankham  1998). F rankham  
dem onstrated  in tw o com parative studies (Frankham  1997, 1998) 
that insular populations have increased inbreeding values and 
significant losses of genetic diversity com pared  to continental 
populations, explaining thus their greater risk of extinction. This 
vulnerability  determ ines that the im pact of hum an  activity on 
diversity is m ore dram atic in the islands than  in continental 
biom es. Thus, m ost of extinctions occurred on islands are directly 
related to the colonization of hum ans. It is evidenced by, for 
exam ple, the m ass extinctions occurred in the Pacific islands or in 
the M editerranean Sea after the arrival of hum ans (Steadm an 
2006; Alcover et al. 1998, Bover & Alcover 2008).
W hereas it is clear that hum an  action has accelerated 
extinction processes, the fact that the island fauna is currently  
represented  by a small p roportion  of w hat existed in the past 
(Alcover & M cM inn 1994), could be indicative of the natural 
character of vulnerability of insular populations. In particular, 
long-lived species are less represented in the islands due to, in 
part, their larger sizes and consequently, their increased ecological 
requirem ents (W hittaker & Fernandez-Palacios 2006). 
Furtherm ore, long-lived species p resen t h igher risks of extinction 
because of their characteristically conservative life strategy (i.e. 
low  b irth  rates and  high adu lt survival) (N ew ton 1979; Alcover & 
M cM inn 1994; W hite & Kiff 2000; D onazar et aZ. 2005). This 
intrinsic vulnerability  can be determ ining, to a greater or lesser 
extent, the failure that m any m anagem ent p rogram s have had 
w hen  aim ing to preserve long-lived species on islands.
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The conservation of long-lived species, insular or 
continental, is very im portant because they can act as um brella 
species (i.e. their preservation enables the parallel conservation of 
o ther threatened species w ith  low er social charism a) (Sergio et al. 
2006). H ow ever, their study and  conservation is difficult since 
obtaining individualized inform ation necessary for a p roper 
m anagem ent involves long-term  m onitoring. The com bination of 
ecological m onitoring w ith  the m olecular tools can alleviate these 
difficulties. A part from  being essential to assess the levels of 
genetic diversity, m olecular techniques allow, for exam ple, the 
identification of individuals (both previously  cap tured  or by using 
noninvasive sam pling as feathers), the determ ination of the 
degree of kinship betw een indiv iduals and the ind iv idual level of 
inbreeding w ithou t the necessity of constructing pedigrees (which 
w ould  im ply several decades of m onitoring).
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Goals and Thesis Structure
The m ain objective of this thesis is to analyse the role of 
genetic factors in the perm anence of insular populations of long- 
lived species. O ur study m odel is conform ed by the tw o m ain 
insular populations (Canary and Balearic Islands) and the m ain 
continental dem e (Iberian Peninsula) of the Egyptian vulture 
(Neophron percnopterus) in the W estern Palearctic. This choice is 
based on the following reasons: 1) the Egyptian vu ltu re  is one of 
the m ost globally endangered  rap to r species (BirdLife 
International 2008), 2) it presents both continental as island 
populations w hich makes it possible to test hypotheses based on 
com parative approaches, 3) the C anarian Egyptian vu ltu re  
population  (main subject of this thesis) has been carefully 
m onitored over the last decade and as a result, it has been able to 
establish w hat are the environm ental and  ecological m echanism s 
that are determ ining its decline.
The tw o m ain hypothesis tha t w e w an ted  to test can be 
sum m arized as follows: i) island populations p resen t low er values 
of both neutral and adaptive genetic diversity  than their 
continental counterparts and ii) this loss of genetic diversity has 
an im portan t effect on ind iv idual fitness (w hat w ould  
consequently m ay affect the viability of the population).
To test these hypotheses w e em ploy neu tra l polym orphic 
m arkers (microsatellites) and we incorporate functional loci, 
specifically genes of the Major H istocom patibility  Com plex 
(MHC). From  the international scientific com m unity it is
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Goals and Thesis structure
increasingly recom m ended the use of functional genes in the 
genetic studies focused on the species conservation (Vernesi et al. 
2008; Frankham  2010a, 2010b). The m ain reason is the necessity for 
seeking direct relationships betw een genetic d iversity  an d  the 
param eters related to the ind iv idual fitness. In addition , several 
studies have highlighted the lack of correlation betw een neutra l 
and adaptive genetic diversity as w ell as betw een neutral 
diversity and the ind iv idual ecological param eters (Coltm an & 
Slate 2003; Vali et al. 2008). Lack of relationship  as w ell as the 
existence of random  correlations can lead to erroneous 
conclusions and  have an im pact on the success of the m anagem ent 
of populations.
The thesis is structured into five independen t bu t closely 
interlinked chapters. Chapter 1 describes the isolation and 
characterization of the neutra l m olecular m arkers (microsatellites) 
specifically designed for the developm ent of this thesis. 
A ddressing com plex objectives require hav ing  the righ t tools. The 
use of specific m arkers is recom m ended, especially in the case of 
genetic studies of th reatened  populations (Prim m er et al. 1996). 
Heterospecific m arkers often show  decreased levels of 
polym orphism  w hen applied  to species different to those from 
w hich they w ere originally designed (referred to as 'ascertainm ent 
bias' (Ellegren 1995)). Furtherm ore, the developm ent of the last 
p a rt of this thesis (analysis of kinship and  degree of inbreeding in 
the C anarian Egyptian vultures) requ ired  a large panel of 
polym orphic m arkers. For all these reasons our first aim  w as to 
develop at least 20 specific m arkers tha t allow ed us to address the 
objectives of the present thesis.
The m ain objective of chapters 2 and 3 is to analyze the 
relationship betw een insularity  and genetic diversity. We do this 
by carrying out a com parative study  betw een continental and 
insular populations of the Egyptian vu ltu re  in  the W estern
12
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Palearctic. We investigate the genetic diversity, structure and gene 
flow  betw een them.
Chapter 2 deals w ith  the study  of the population  genetics 
by  analysing the diversity of neutral m arkers (microsatellites). A 
p rim ary  objective w ith in  the conservation genetics is to identify 
the  units of m anagem ent. It is then  essential to determ ine the 
levels of differentiation and gene flow betw een populations. This 
inform ation is especially relevant for insular populations w hich 
are m ore vulnerable to the effects associated w ith  small 
popula tion  sizes, such as genetic drift and  the consequent loss of 
gene diversity. Insular populations are traditionally  considered as 
separate conservation units, due to their characteristic isolation 
an d  differentiation. H ow ever, island populations of highly mobile 
species may receive m igrant m ainland individuals. This 
im m igration m ay buffer the effects of dem ographic stochasticity 
and  genetic drift and  thus reduce the risk associated w ith 
inbreeding depression (W estem eier et al. 1998, M adsen et al. 1999; 
Frankham , 2002; M arr et al, 2002; Vila et al. 2003; H ogg et al. 2006). 
The m ain objective of this chapter is then to test if oceanic 
populations can be connected to their continental counterparts 
and  to discuss the consequences in term s of conservation.
In Chapter 3 w e incorporate the study  of functional genes 
to analyse again the genetic diversity and  differentiation in the 
W estern Palearctic populations of Egyptian vulture. W hereas 
neutral genetic variation is very useful to test differentiation and 
gene flow, it provides a fairly vague indication of the evolutionary 
potential of populations (Balloux et al. 2004; Slate et al. 2004; 
H ansson & W esterberg 2008; C hapm an et al. 2009). O n the 
contrary, the study of functional genes can provide us m ore 
precise inform ation about the d istribu tion  of adaptive genetic 
variation and the possible negative effects related to the loss of 
genetic diversity (H edrick 2000). O n the other hand, the
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com parative study  betw een neutra l and  functional genetic 
variability, as well as betw een populations subjected to different 
selective pressures, can help  to understand  the evolutionary  
m echanism  draw ing  the genetic pa tte rn  of populations. This is 
one of the m ain objectives of m olecular ecology and evolutionary 
biology. Though, very few  functional genes have though  been  
characterised in natural populations. In this regard, genes of the  
m ajor histocom patibility com plex (MHC) are an exception an d  
have becom e ideal candidates for this type of studies. First, they 
are am ong the best stud ied  functional genes in the anim al w orld. 
Second, they constitute an essential com ponent of the im m une 
system  of individuals, w hich is directly related to ind iv idual 
fitness and  survival (Oliver et al. 2009, R adw an et al. 2009; Spurgin  
& R ichardson 2010). The m ain objective of this chapter is to 
determ ine the genetic differences (both quantitative and  
qualitatively) in functional genes am ong insular populations 
(small and genetically im poverished) and  their continental 
equivalents. We asses this goal by studying  the genetic variability 
in the genes of the M HC class II p. This inform ation is in tended  to 
elucidate the im plications of such differences in term s of 
conservation, and to discuss the possible selective forces tha t have 
d raw n  the observed pattern .
In chapter 4 w e analyse and date the process of 
colonization and differentiation of an insular population  of a long- 
lived vertebrate (the canarian Egyptian vulture). The use of 
m olecular tools and recent analytical techniques allow us to infer 
past dem ographic events. In this chapter and based on the 
exam ination of the neutra l genetic diversity using Bayesian 
analyses, w e disentangle how  and  w hen  could the insular 
population  have arose. Furtherm ore, we discuss the role of 
hum ans in such colonization and  differentiation.
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In the last chapter (5), w e raise the scale of study  and pass 
from  the population  to the ind iv idual level. The next step after 
clarifying the previous issues (w hich are the units of 
m anagem ent?, w hich are the levels of neutra l and  functional 
genetic diversity?, is there a genetic problem  at popu la tion  level?, 
is there gene flow am ong populations?, can such genetic problem s 
be alleviated?) is to clarify w hat are the consequences of the loss of 
genetic diversity in the populations, i.e. the existence of 
inbreeding depression and its effects. To address this question is 
necessary a deep know ledge at both  ecological and  genetic level, 
of the populations. U nfortunately, m ost studies do not reach this 
degree of understand ing  due to the lack of indiv idual inform ation, 
especially in the case of long-lived species. O ne of the m ost 
im portan t contributions of this thesis is therefore, the 
determ ination  of the effects of inbreeding  on the ind iv idual fitness 
of an insular and threatened popu la tion  of a long-lived vertebrate 
species. O n the other hand, the m ajority of existing studies tha t 
have analyzed inbreeding depression  are based on indirect 
estim ates of inbreeding using neu tra l m arkers (such as the 
ind iv idual heterozigosidad). H ow ever, the extent to w hich 
heterozygosity at a few  neutral loci reflects genom e-w ide diversity 
rem ains controversial (Balloux et al. 2004; Slate et al. 2004; H ansson 
& W esterberg 2008; Vali et al. 2008; C hapm an et al. 2009). For this 
reason it is highly recom m ended the parallel scan of genes w ith  
evolutionary significance. U nfortunately, few functional genes 
have been characterised in w ild  species and  are hence available 
for their use in natural populations. In this regard, as it has 
already been described for C hapter 3, M HC genes are the 
exception. The use of these genes in the research of inbreeding 
depression m akes sense since they are directly related to im m une 
capacity of individuals, and  therefore w ith  their fitness and 
survival (Oliver et al. 2009, R adw an et al. 2009; Spurgin  & 
Richardson 2010). That is w hy w e incorporate the study  of these 
functional and evolutionarily significant genes in the ind iv idual
15
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genetic study  of the C anarian Egyptian vu ltu re  population . We 
believe tha t this fact m akes this thesis to be an im portan t 
contribution  in the field of genetics and the conservation biology 
of vertebrates.
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Genética de la Conservaciôn, una disciplina de urgencia para un
mundo en crisis
D arw in jam âs habria pod ido  im aginar que tan  solo unas 
cuantas décadas después de em pezar a com prender Los 
m écanism es que han  generado la d iversidad de la vida en  la 
Tierra, tendriam os que estudiar con urgencia y a contrarreloj, 
côm o operan les m écanism es que la destruyen para asi in tentar 
protegerla. A unque el desarrelle  tecnelôgice y cientifice esta 
cen tribuyende de ferm a extraerdinaria  al entendim iente de les 
preceses que generan y m antienen la b iediversidad, apenas 
cem prendem es hey le que ecurre en la pun ta  de un  enerm e 
iceberg que se derrite a pases agigantades.
La gran 'sexta extinciôn' es com e se le ha denem inade al 
p recese  dram âtico de desapariciôn que estân sufriende las 
especies y que esta d irectam ente relacienade cen la acciôn 
Hum ana (Leakey & Le w in, 1995). En respuesta a esta crisis 
am biental y en una bùsqueda de las herram ientas necesarias para  
p reservar la biodiversidad, surge en la década de les 80 la b ielegia 
de la conservaciôn (Seule, 1985), descrita cen acierte cerne una 
'd iscip lina de crisis'. La m agnitud  de la crisis ebjete de esta 
disciplina queda reflejada en el num éro  de especies que 
actualm ente se enfrentan a u n  preblem a de extinciôn inm inente 
(algunas de las estimas m as pesim istas indican que entre el 15 y el 
20% de las especies se extinguieren  entre 1980 y 2000 (W orld 
C onservation M onitoring Centre (WCMC) 1992)). El heche de que 
les cientifices censervacienistas deban tem ar decisienes râp idas
17
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basadas en la escasa inform aciôn disponible, resalta tam bién  el 
cariz de urgencia de esta disciplina.
Los principales factores determ im sticos que provocan  la 
extinciôn de las especies son la pérd ida de habitat, la in troducciôn  
de especies exôticas, la sobreexplotaciôn y la contam inaciôn. Estes 
factores provocan la reducciôn de les tam ahos poblacionales y  
esta a su vez, expone a las poblaciones a factores estocâsticos; 
am bientales, dem ogrâficos o genéticos (wCMC 1992). De este 
m odo, aunque les factores que originaron el declive de las 
poblaciones sean elim inados, les problem as asociados a u n  
reducido tam ano de poblaciôn persisten (Frankham , 2003). Las 
poblaciones pequehas, vulnérables a la dériva génica, se 
encuentran  expuestas a la pérd ida  de diversidad genética. Las 
poblaciones con poca variabilidad ven reducida su capacidad de 
respuesta a los cam bios am bientales y consecuentem ente, su 
potencial adap ta  tivo (Charles w orth  & Charles w orth , 1987; 
England et al. 2003; Swindell & Bouzat, 2005). A dem âs, las 
poblaciones reducidas presentan  una m ayor probabilidad  de que 
se p roduzcan  apaream ientos entre relativos lo que frecuentem ente 
conlleva a un  aum ento  de la endogam ia y los riesgos asociados, 
com o la reducciôn de la p roductiv idad  y la supervivencia 
(depresiôn por endogam ia), acelerando asi su riesgo de extinciôn 
(M adsen et ah, 1996; Lacy & H orner, 1987; A cevedo-W hitehouse et 
al., 2003; Liberg et al., 2005; Vilas et al, 2006). Este proceso es 
conocido como erosiôn genética y constituye u n  elem ento de 
p rim era im portancia en el estudio de las poblaciones aisladas 
(Mills & A llendorf, 1996).
La inform aciôn recopilada d u ran te  la ultim a década indica 
que actualm ente, existen m uchas poblaciones en el p laneta que se 
encuentran  gravem ente reducidas y fragm entadas, lo que las 
convierte inevitablem ente en objeto de la erosiôn genética 
(Crnokrak & Roff 1999; A guilar et al., 2008; Frankham  2010a). Por
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otro  lado y a pesar de la controversia que existia hasta  hace poco 
acerca de la contribuciôn de la endogam ia en el riesgo de 
extinciôn (Lande, 1988; Caro & Laurenson, 1994; Caughley, 1994), 
contam os hoy con suficientes evidencias tanto  teôricas como 
em piricas que dem uestran  que la endogam ia y la consecuente 
depresiôn  por endogam ia com prom eten m uy sustancialm ente el 
fu tu ro  de las poblaciones silvestres (Frankham  2005; O 'G rady  et al. 
2006). Esos hechos han  situado a los estudios genéticos en un  
lugar prioritario  dentro de la biologia de la conservaciôn.
La genética de la conservaciôn se ocupa pues del estudio de 
los factores genéticos que afectan al riesgo de extinciôn de las 
poblaciones, como base para  la elaboraciôn de planes de gestiôn 
adecuados que m inim icen dichos riesgos. Su herram ienta 
principal es el uso de m arcadores polimôrficos m oleculares. Los 
avances tecnolôgicos conseguidos en el cam po de la biologia 
molecular, desde la invenciôn de la PCR (o reacciôn en cadena de 
la polim erasa) en 1988 (Saiki et al. 1988) han  perm itido  abordar 
cuestiones antes inaccesibles con las técnicas tradicionales. Hoy 
dia, podem os determ inar la d iversidad genética, la conectividad y 
el grado  de diferenciaciôn que existe entre poblaciones aisladas, 
asi como detectar declives poblacionales o cuellos de botella y 
calcular los tam ahos efectivos. El estudio genético de las 
poblaciones perm ite adem âs establecer el grado  de parentesco 
entre los individuos, los niveles de endogam ia y la existencia de 
depresiôn  por endogam ia. Esta inform aciôn es esencial para: a) 
définir las un idades susceptibles de gestiôn y protecciôn (es decir 
poblaciones diferenciadas y /o  am enazadas), b) resolver dudas 
taxonôm icas, d) detectar pérd idas de d iversidad  genética en las 
poblaciones y e) evaluar la existencia de conectividad entre ellas. 
A partir de esta inform aciôn se p u ed en  p lan tear soluciones que 
perm itan  aliviar los problem as asociados a la p érd ida  de 
diversidad genética, como son las translocaciones o las 
introducciones. A dem âs, conocer el grado de parentesco entre los
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individuos es esencial para  una adecuada gestion de los 
program as de cria en cautiv idad  y reintroducciôn.
Existen varios ejem plos sobre côm o la introducciôn de 
individuos y su establecim iento y reproducciôn ('outcrossing ') en  
poblaciones severam ente reducidas y con elevados niveles de 
endogam ia, mejorô considerablem ente la v iabilidad de dichas 
poblaciones (Vrijenhoek, 1994; W estem eier et al., 1998; M adsen et 
al., 1999; Ebert et al., 2002; Vila et al., 2003; Schw artz & Mills, 2005; 
Pim m  2006; H edrick  & Fredrickson 2008). Del m ism o m odo, la 
erosiôn genética que m uchas poblaciones sufren actualm ente 
debido a la fragm entaciôn de su habitat y la reducciôn de sus 
tam ahos, se aliviaria m ediante una gestiôn adecuada que 
prom oviera el aum ento  del flujo génico entre ellas (Frankham  
2010b). Sin em bargo y mi entras que los program as de cria en 
cautividad em plean, en la m ayoria de los casos, técnicas 
m oleculares y la inform aciôn genética obtenida a través de ellas, 
su aplicaciôn en la gestiôn de las poblaciones silvestres 
am enazadas esta aù n  en sus albores (H usband & Cam pbell, 2004; 
F rankham  2010a).
Varios son los m otivos que, desde m i pun to  de vista, 
podrian  explicar la récurrente ausencia de la genética en los 
planes de conservaciôn de las poblaciones am enazadas. Por un  
lado, la genética m olecular es una disciplina relativam ente joven 
(menos de m edio siglo) y en cierto m odo algo ajena a m uchos 
investigadores que trabajan en el cam po de la biologia de la 
conservaciôn. A dem âs, su aplicaciôn ha sido tradicionalm ente 
costosa y por lo tan to  inaccesible en m uchos casos. N o obstante, el 
reciente desarrollo tecnolôgico y abaratam iento  de los costes, 
estân perm itiendo u n  uso m âs generalizado de las herram ientas 
moleculares. Por otro lado, existia cierto escepticism o entre los 
investigadores, acerca de la im portancia del papel de la genética 
en la conservaciôn de las poblaciones y su consideraciôn se ha
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visto reducida a los escasos ejemplos arriba m encionados, o a los 
casos extrem os de depresiôn  po r endogam ia com o son, por 
ejemplo, la pan tera  de Florida {Puma concolor couguar) o el côndor 
de California {Gymnogyps californianus) (Pimm  2006; H edrick & 
Fredrickson 2008). Por ultim o, existe un  tem or generalizado a las 
consecuencias de la depresiôn por en trecruzam iento  (o 
'ou tb reed ing  depression '), es decir, a que las poblaciones p ierdan  
eficacia biolôgica como resultado del entrecruzam iento  con otras 
poblaciones distintas. Este tem or puede obstaculizar la 
im plem entaciôn de una gestiôn genética racional de las 
poblaciones fragm entadas (Frankham  2010a), m âs cuando  apenas 
existen evidencias em piricas que dem uestren  ese fenôm eno, cuyos 
riesgos se creen han sido exagerados (Frankham  2010b). Es cierto, 
no obstante, que aùn  es necesario un  m ayor esfuerzo cientifico 
para conocer y predecir dichos riesgos.
U na de las principales cuestiones a abordar de form a 
prioritaria dentro  del cam po de la genética y la biologia de la 
conservaciôn, la cual justifica adem âs el desarrollo de la présente 
tesis, es de qué m anera estân contribuyendo los factores genéticos, 
respecto a otros factores, al declive y riesgo de extinciôn de las 
poblaciones silvestres. Para contestar a esa cuestiôn es necesario el 
desarrollo de un  m ayor num éro  de estudios que integren 
adecuadam ente la inform aciôn genética con u n  conocim iento 
exhaustivo de la ecologia de las poblaciones.
Las islas y  los vertebrados de larga vida
Las islas oceânicas, es decir aquellas que se han  form ado 
sobre las p lataform as m arinas y nunca han  estado conectadas al 
continente, se caracterizan por su riqueza en endem ism os, debido 
a los procesos evolutivos resultado del aislam iento, pero  tam bién 
y desgraciadam ente, por las elevadas tasas de am enaza y 
extinciôn de sus poblaciones y especies. La m ayoria de las 
extinciones docum entadas desde 1600 se corresponden con
21
Introducciôn General
especies insulares a pesar de que estas son una m inoria dentro  del 
conjunto de las especies en la Tierra: solo el 20% de las aves 
habitan  islas, sin em bargo el 80% de las especies extintas hasta el 
m om ento eran insulares (Myers 1979). Las razones de la m ayor 
vulnerabilidad  de las poblaciones insulares respecto a sus 
équivalentes continentales son aùn  controvertidas, pero  se ha 
resaltado su m ayor sensibilidad a los factores de tipo estocâstico, 
y a sean dem ogrâficos o am bientales (Pimm 1991). Esa 
susceptibilidad se puede, no obstante, predecir en term ines 
genéticos (Frankham  1998). Las poblaciones insulares se 
encuentran  naturalm ente reducidas y han  pasado por u n  cuello de 
botella du ran te  su fundaciôn, lo que ha determ inado la inevitable 
pérd ida  de d iversidad genética y el consecuente aum ento  de la 
endogam ia com o resultado de un  tam ano poblacional finito y 
reducido (Frankham  1998). En dos estudios com parativos 
F rankham  (1997, 1998) dem ostrô que las poblaciones insulares 
presentan  valores de endogam ia m ayores y pérd idas significativas 
de d iversidad genética respecto a las poblaciones continentales, lo 
que explicaria su m ayor riesgo de extinciôn. Esta vulnerabilidad 
ha determ inado que el im pacto de la acciôn hum ana sobre la 
d iversidad haya sido y es aùn  hoy, m âs dram âtico en las islas que 
en los biom as continentales. Asi, la m ayoria de las extinciones 
acaecidas en islas estân directam ente relacionadas con la 
colonizaciôn de los hum anos. Basta con, por ejemplo, revisar las 
extinciones m asivas en las islas tropicales del Pacifico o las 
ocurridas en el m ar M editerrâneo tras la llegada de los hum anos 
(Steadm an 2006; A lcover et al. 1998, Bover & Alcover 2008).
Sin em bargo, aunque estâ claro que la acciôn hum ana ha 
acelerado los procesos de extinciôn, el hecho de que la fauna 
insular esté actualm ente representada por una pequeha 
proporciôn de lo que existiô en el pasado (Alcover & McMinn 
1994), podria  ser indicative del carâcter natural de vulnerabilidad 
de las poblaciones insulares. Particularm ente, las especies de larga
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vida, m enos representadas en las islas debido en  parte  a su m ayor 
tam ano y consecuente m ayores requerim ientos ecolôgicos 
(W hittaker & Fernândez-Palacios 2006), p resen tan  adem âs 
m ayores riesgos de extinciôn dada su estrategia de v ida 
caracteristicam ente conservadora (N ew ton 1979; Alcover & 
M cM inn 1994; W hite & Kiff 2000; D onâzar et al. 2005). Esta m ayor 
vu lnerab ilidad  intrm seca puede determ inar tam bién, en m ayor o 
m enor m edida, el escaso éxito que, en m uchas ocasiones, tienen 
los program as de conservaciôn de estas especies en islas.
La conservaciôn de las especies de larga vida, ya sean 
insulares o continentales, es m uy im portante debido a que p u ed en  
actûar como especies paraguas (es decir, su conservaciôn perm ite 
la conservaciôn paralela de otras m uchas especies am enazadas 
pero  que cuentan  con m enor carism a social) (Sergio et al. 2006). Sin 
em bargo, su estudio  y conservaciôn es dificil puesto  que la 
obtenciôn de la inform aciôn ind iv idualizada y de calidad 
necesaria para una gestiôn adecuada, im plica el seguim iento de 
los efectivos a largo plazo. Las técnicas m oleculares, adem âs de 
ser im prescindibles para evaluar los niveles de d iversidad  
genética, pueden , en com binaciôn con el seguim iento ecolôgico, 
aliviar en gran  m edida esa dificultad. Asi perm iten, po r ejemplo, 
la identificaciôn de los indiv iduos (tanto previam ente cap turados 
como de form a indirecta m ediante m uestreos no invasivos como 
plum as, pelo o heces), la determ inaciôn del grado de parentesco 
entre ind iv iduos y la endogam ia indiv idual, sin necesidad de la 
construcciôn de pedigries (lo que im plicaria varias décadas de 
seguim iento).
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El objetivo principal de la présente tesis es analizar el papel 
de  los factores genéticos en la perm anencia de las poblaciones 
insulares de vertebrados de larga vida. Como objeto de estudio 
hem os elegido las dos principales poblaciones insulares (Canarias 
y Baléares) y la principal poblaciôn continental (Peninsula Ibérica) 
de alim oche {Neophron percnopterus) que sobreviven en el 
Paleârtico occidental. Esta elecciôn se basa en que: 1) se tra ta  de 
una  de las especies de rapaces m âs am enazadas a nivel m undial 
(BirdLife International 2008), 2) présenta tanto poblaciones 
continentales como insulares por lo que es posible establecer 
hipôtesis basadas en aproxim aciones com parativas, 3) la 
poblaciôn canaria, principal objeto de estudio de esta tesis, ha sido 
m inuciosam ente estud iada d u ran te  la u ltim a década y se han  
podido  establecer cuales son los m ecanism os ecolôgicos y 
am bientales que estân determ inando su declive.
La dos principales hipôtesis que m anejam os se pueden  
resum ir en que: 1) las poblaciones insulares presentan  niveles de 
d iversidad genética inferiores, tanto neutral como adaptativa, 
respecto a sus équivalentes continentales y 2) esta p érd id a  de 
diversidad genética tiene u n  efecto relevante sobre la eficacia 
biolôgica ind iv idual (lo que afectaria consecuentem ente a la 
viabilidad de la poblaciôn).
Para testar estas hipôtesis em pleam os por u n  lado 
m arcadores neutrales polim ôrficos (microsatélites) y adem âs 
incorporam os m arcadores funcionales, concretam ente los genes
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que se engloban den tro  del Complejo M ayor de 
H istocom patibilidad (MHC). Desde el entorno cientifico 
internacional se recom ienda cada vez m âs el em pleo de genes 
funcionales en los estudios genéticos enfocados a la conservaciôn 
de las especies (Vernesi et al. 2008; Frankham  2010a, 2010b). La 
principal razôn es la bùsqueda de relaciones directas entre 
d iversidad genética y los parâm etros que m iden  la salud  y la 
supervivencia de los ind iv iduos, m ucho m âs inform ativas en el 
caso de genes funcionales que en relaciôn a m arcadores neutrales. 
Adem âs, varios estudios han  resaltado la falta de correlaciôn entre 
d iversidad genética neu tra l y adaptativa, asi como entre 
d iversidad  neutral y los parâm etros ecolôgicos individuales 
(Coltm an & Slate 2003; Vâli et al. 2008). Tanto la falta de relaciôn 
como la existencia de correlaciones azarosas, pueden  acarrear 
conclusiones errôneas y repercutir en el éxito en la gestiôn de las 
poblaciones.
La tesis estâ estructu rada en cinco capitulos que se 
presentan  de m anera independien tes pero que guardan  estrecha 
relaciôn entre si. En el cap itu lo  1 describim os el aislam iento y 
caracterizaciôn de los m arcadores m oleculares neutrales 
(microsatélites) especificos d isehados para el desarrollo del 
présente trabajo. Antes de abordar objetivos m âs complejos era 
necesario contar con las herram ientas adecuadas. El uso de 
m arcadores especificos es recom endable, especialm ente cuando se 
trata de obtener estim as de variabilidad genética en poblaciones 
am enazadas (Prim m er et al. 1996) ya que los m arcadores 
heteroespecificos suelen p resen tar d ism inuidos niveles de 
polim orfism o cuando se aplican a otras especies d istin tas de la 
que se ha em pleado para  su diseho, lo que se denom ina como 
'ascertainm ent bias' (Ellegren 1995). A dem âs, para  el desarrollo de 
la ù ltim a parte de esta tesis (anâlisis de parentesco y grado de 
endogam ia en la poblaciôn canaria de Alimoche) necesitâbam os 
un  gran  nùm ero de m arcadores polimôrficos. Por todo elle
26
Objetivos y  Organizaciôn de la Tesis
nuestro  p rim er propôsito  fue desarrollar al m enos 20 m arcadores 
especificos que nos perm itieran  abordar los objetivos planteados.
El objetivo principal de los capitulos 2 y 3 es analizar cual 
es la relaciôn entre insu laridad  y d iversidad  genética. Para ello se 
realiza el estudio  com parativo entre las poblaciones continentales 
e insulares del alimoche en el Paleârtico Occidental y se analiza la 
d iversidad , estructura y flujo génico entre ellas. El capitulo 2 
aborda el estudio de la genética poblacional a partir del anâlisis de 
la  d iversidad  de los m arcadores neutrales (microsatélites). Un 
objetivo prim ordial de la genética de la conservaciôn es identificar 
cuales son las un idades de gestiôn. Para ello es im prescindible 
determ inar la existencia de flujo entre poblaciones asi como los 
niveles de diferenciaciôn genética. Este anâlisis es especialm ente 
relevante cuando se trata de poblaciones insulares (oceânicas) mâs 
vulnérables a los efectos asociados a los tam ahos reducidos de 
poblaciôn, taies como la dériva génica y la consecuente pérd ida  de 
d iversidad  genética. Estâs poblaciones, generalm ente aisladas del 
continente y consecuentem ente diferenciadas, son 
tradicionalm ente consideradas y gestionadas como unidades 
independientes de conservaciôn. Sin em bargo, en el caso de 
especies que cuentan con una considerable capacidad dispersiva, 
dichas poblaciones pueden  recibir ocasionalm ente inm igrantes 
provenientes del continente. Esta inm igraciôn, aunque ocasional, 
jugaria un  papel esencial al am ortiguar los efectos de la dériva 
génica y dism inuir de ese m odo los riesgos asociados a la 
endogam ia, asi como al aum entar su potencial evolutivo 
(W estem eier et al. 1998, M adsen et al. 1999; Frankham , 2002; M arr 
et al. 2002; Vila et al. 2003; H ogg et al. 2006). El objetivo principal 
de este capitulo de la tesis es testar si las poblaciones oceânicas 
p u ed en  estar conectadas a sus équivalentes continentales y si por 
lo tanto, es im portante conservar ese flujo para garantizar la 
fu tu ra viabilidad de esas poblaciones reducidas y genéticam ente 
em pobrecidas.
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En el capitulo 3 se incorporan  el estudio  de genes 
funcionales para, de nuevo, establecer los niveles de d iversidad  y 
diferenciaciôn genética. Las m edidas m oleculares de variaciôn 
genética neutral, aunque m uy utiles para  testar diferenciaciôn y 
flujo genético, proveen una  indicaciôn bastante vaga del potencial 
evolutivo de las poblaciones (Balloux et al. 2004; Slate et al. 2004; 
H ansson  & W esterberg 2008; C hapm an et al. 2009). Es el estudio  
de los genes funcionales el que nos puede aporta r una 
inform aciôn m âs précisa acerca de la d istribuciôn de la variaciôn 
genética adaptativa y de los posibles efectos negativos 
relacionados con la pérd ida  de d iversidad  genética (H edrick 
2000). Por otro lado, el estudio  com parativo de la d istribuciôn de 
la variabilidad  genética entre genes neutrales y funcionales, asi 
como entre poblaciones sujetas a d iferentes presiones selectivas, 
puede ayudarnos a esclarecer cuâl es el papel de cada una  de las 
d istin tas fuerzas evolutivas a la hora de dibujar el perfil genético 
de las poblaciones. Este es uno de los principales objetivos de la 
ecologia m olecular y la biologia evolutiva. El problem a estriba en 
que aùn  hoy, m uy pocos genes funcionales han  sido 
caracterizados en las poblaciones naturales. En ese sentido los 
Genes del Complejo M ayor de H istocom patibilidad (MHC) son 
una excepciôn y se convierten en candidatos perfectos para este 
tipo de estudios. For un  lado, se encuentran  entre los genes 
funcionales mejor estudiados en el m u n d o  animal. Por otro lado, 
constituyen un  com ponente esencial del sistem a inm unolôgico de 
los indiv iduos, por lo que estân directam ente relacionados con la 
salud  ind iv idual y la supervivencia (Oliver et al. 2009, R adw an et 
al. 2009, Spurgin  & Richardson 2010). El objetivo principal de este 
capitulo es, m ediante el estudio  de la variabilidad adap ta tiva  (los 
genes de la clase II P del MHC), analizar las diferencias genéticas 
funcionales (cuantitativa y cualitativam ente) entre las poblaciones 
insulares (reducidas y em pobrecidas genéticam ente) y sus 
équivalentes continentales. A partir de esta inform aciôn se 
pretende, por un  lado, discutir las consecuencias de taies
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difœrencias en térm inos de conservaciôn y por otro lado, describir 
cuæles han  sido las fuerzas selectivas que han  dibujado el p résente 
pattrôn.
El cuarto capitulo de esta tesis tiene como objetivo 
priincipal analizar y da tar el proceso de colonizaciôn y 
difcerenciaciôn de una poblaciôn insular de un  vertebrado de larga 
vidia (el alim oche canario), respecto a su poblaciôn fuente. El 
em ipleo de las herram ientas m oleculares y las recientes técnicas de 
amâlisis nos perm iten  inferir eventos dem ogrâficos acontecidos en 
el ]pasado. En este capitulo y a partir del anâlisis de la d iversidad  
gemética neu tra l m ediante técnicas Bayesianas de inferencia 
deim ogrâfica, se esclarece cômo y cuândo pudo  originarse una 
polblaciôn insu lar diferenciada y se discute el papel de la activ idad 
huim ana en dicho origen.
En el ultim o capitula (5), se da un  salto en  la escala de 
estrudio y se pasa del anâlisis poblacional al estudio  a nivel 
incdividual. U na vez que se han  esclarecido las cuestiones que se 
ab(ordan en esta tesis en  los capitulos anteriores (cuâles son las 
uniidades de gestiôn, cuâles son los niveles de d iversidad genética 
neiutral y funcional, si existe u n  problem a genético a nivel 
poiblacional, si hay flujo entre las poblaciones y por lo tan to  se 
puieden potencialm ente aliviar dichos problem as), el siguiente 
paiso es exam inar las posibles consecuencias de la p érd id a  de 
diw ersidad en las poblaciones, es decir, si existe depresiôn  por 
entdogam ia y cuâles son sus efectos. Para ello es necesario un  
com ocimiento p rofundo  de dichas poblaciones, tanto  a nivel 
eccolôgico com o genético. D esgraciadam ente, la m ayoria de los 
esttudios no alcanzan este nivel de anâlisis debido a la falta de 
infformaciôn individual, especialm ente en el caso de especies de 
lar ga vida. U na de las aportaciones m âs im portantes de esta tesis 
es precisam ente la determ inaciôn de los efectos de la endogam ia 
en la salud  ind iv idual de una poblaciôn am enazada e insular, de
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una especie de vertebrado  de larga vida. Por otro lado, la m ayoria 
de los estudios existentes analizan  la depresiôn por endogam ia 
basândose en m edidas indirectas a partir de la variabilidad en 
m arcadores neutrales (como por ejemplo la heterozigosidad 
individual). Sin em bargo, se ha criticado y aùn  hoy estâ en debate, 
la adecuaciôn del em pleo de estas m edidas indirectas debido a 
que no se sabe hasta que pun to  la heterozigosidad m edida en 
varios loci neutrales représenta la heterozigosidad genôm ica de 
un  ind iv iduo  (Balloux et al. 2004; Slate et al. 2004; H ansson & 
W esterberg 2008; Vâli et al 2008; C hapm an et al. 2009). Por este 
m otivo es m uy recom endable analizar de form a paralela, genes 
con significado evolutivo. Sin em bargo, pocos genes funcionales 
han  sido caracterizados en las especies salvajes y estân disponibles 
para  su uso en las poblaciones naturales. En ese sentido y como ya 
se ha explicado para el capitulo 3, los genes del M HC son la 
excepciôn. Su em pleo para el estudio de la depresiôn  por 
endogam ia tiene adem âs m ucho sentido ya que estân 
directam ente relacionados con la capacidad inm une de los 
individuos, y por lo tanto  con su salud y su supervivencia (Oliver 
et al. 2009, R adw an et al. 2009, Spurgin  & R ichardson 2010). La 
incorporaciôn del estudio  de estos genes funcionales y con sentido 
evolutivo, hace de esta tesis una aportaciôn im portante en el 
cam po de la genética y la biologia de la conservaciôn de los 
vertebrados.
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Background and Main Questions
A  very im portant proportion  of the popula tions of long- 
lived vertebrate species on earth  are suffering drastic declines and 
loss of genetic diversity and  adaptive potential. This fact can 
com prom ise their capability to respond  to environm ental changes 
(or even to the im plem ented m easures for their conservation) and 
consequently accelerate their probability of extinction. O ne of the 
m ain  challenges of conservation genetics is to determ ine the levels 
of genetic diversity and  the potential effects of its loss on the 
viability of threatened populations. Technological developm ent 
has encouraged and enabled the use of variable neu tra l m olecular 
m arkers in a grow ing num ber of w ild  populations. This has 
partially  allow ed addressing  these questions. H ow ever and 
despite their indisputable utility, the use of neu tra l m arkers 
entails substantial lim itations. Their analysis does no t allow 
evaluating the adaptive genetic variation and, sim ilarly, their use 
does not perm it analyzing the interaction of genetic and 
environm ental effects on the viability of populations. Therefore, 
there are im portan t gaps in  the field of conservation genetics that 
require the analysis of functional genetics, quan tita tive  genetics 
and  genom ics in w ild populations (O uborg et al. 2009, 2010; 
O uborg 2010).
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The present Doctoral Thesis w ants to take a step into th a t 
direction. The m ain  goal of this study is to provide inform ation  
about the im portance of genetics in the preservation and  surv ival 
of an  insular and  highly th rea tened  population  of a long-lived 
vertebrate; the C anarian  Egyptian vulture, locally nam ed "guirre'\ 
Through the analysis of this m odel species, this study  in tends to  
help to understand  the role that genetic diversity (typically 
dim inished in Islands) plays on certain dem ographic param eters 
(such as the characteristically low  insular productivity), and  m ore 
generally, on the high  vulnerability  of island populations.
To this end, in addition  to the use of m olecular techniques, 
it is necessary to have available ecological inform ation a t 
individual level, w hich in the case of long-lived vertebrates 
requires of long-term  m onitoring. The present study counts on ten 
years of exhaustive m onitoring of the C anarian population  of 
Egyptian vulture, w hich  have prov ided  individual ecological data 
(m orphology, age of recruitm ent, productivity , survival, am ong 
others) of m ore than  85% of the extant insular population. In 
addition, m ore than  20 years of m onitoring of some Iberian and  
the Balearic populations provides sam ples from  other continental 
and insular areas of the species d istribution range, and w ith 
ecological and dem ographic inform ation. These data allow 
addressing  the goals of the p resent study from  a com parative 
approach.
Hence, this s tudy  arose from  an already existing research 
program m e w ith  m ore than  ten years, w hose m ain objective is to 
understand  the param eters tha t are determ ining the decline and 
extinction of this un ique sub-species, in order to be able to 
elaborate appropriate  m easures for its conservation. The first part 
of this project w as m aterialized in the thesis of Laura Gangoso 
(2006). Therein, the author delves into the ecology of this 
popula tion  characterized by their condition of insularity. From
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th is extensive w ork, som e of the processes tha t are currently  
accelerating the extinction of the 'guirre' could be identified. They 
are  m ainly associated to the very high non-natural m ortality  
w hich  is directly or indirectly related to hum an  action. In 
add ition , it w as observed tha t the insular natu re  of the popu la tion  
seem s to m ake it m ore susceptible to these processes, p rovoking 
abnorm ally  low  birth  rates and  a w eakened im m une response 
(D onâzar et al. 2002; G angoso et al. 2009). The next step  w as to 
know  w hether the genetic param eters characteristic of islands 
(low  variability, genetic drift or even inbreeding) w ere also 
boosting  that vulnerability or affecting the viability of the 
population.
W ith the present PhD Thesis it has been able to respond  to 
these questions to a large extent. On the one hand, it is one of the 
first studies that has genetically characterized, using neu tra l 
m arkers such as m icrosatellites, a virtually  com plete popu la tion  of 
a long-lived vertebrate. It is one of the few  existing w orks in 
w hich  the study  of the loss of neutral diversity is com bined w ith  a 
parallel analysis of functional genes, and  thus potentially  
adaptive, using the genetic diversity of the M ajor 
H istocom patibility  Complex responsible for the im m une system  
in  vertebrates (MHC). In fact, it is the first s tudy  that analyzes this 
d iversity  in several natural populations of a highly th rea tened  
b ird  of prey, including the 85% and tw o generations of 
indiv iduals of an  island population. G enotyping an  alm ost 
com plete population  and the study  of the M HC allele segregation 
from  parents to offspring, has enabled to partially  overcom e one 
of the m ain problem s that scientists confront w hen  studying  genes 
of the M HC in w ild populations, especially birds: the
sim ultaneous am plification of m ultiple copies of the sam e gene. 
This problem  m akes it difficult an accurate calculation of allele 
frequencies and therefore their analysis. In the present case, the 
availability of the partial pedigrees of the C anarian Egyptian
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vultures allow ed to describe linkage groups of alleles from  w hich  
w e could infer the allele frequencies of both  the C anarian  and the  
rest of the stud ied  populations. Finally, this thesis is one of the 
first w orks w here the study  of neutral and  functional genetics is 
com bined w ith  very precise ind iv idual ecological inform ation. As 
a result, this thesis not only responds to the questions posed in  
relation to its object of study, bu t it also brings new  and  valid  
conclusions w ith in  the field of conservation genetics of 
vertebrates.
M ain contributions
The present results indicate that island populations of 
highly m obile species can act as m etapoblaciones (Haila 1990; 
H anski 1999). Despite their isolation and differentiation, island 
populations can occasionally receive continental individuals 
(Chapter 2). This im m igration, although sporadic, has not 
prevented  how ever, the phenotypic and  genetic differentiation of 
the C anarian  Egyptian vultures (described as a d istinct subspecies 
(N. p. majorensis, D onâzar et al. 2002)) (Chapter 4). O n the contrary, 
this gene flow can have beneficial effects in this, and  in the insular 
populations in general, by increasing levels of genetic diversity 
and  evolutionary potential and  reducing  the risks associated w ith 
genetic d rift (W estem eier et al. 1998, M adsen et al. 1999; Frankham , 
2002; Keller et al. 2002; Vila et al. 2003; H ogg et al. 2006; O rtego et 
al. 2008). The existence of im m igration, a lthough  rare, has 
im portan t im plications in term s of conservation. First, it involves 
that the conservation of island populations of vertebrates species 
w ith  dispersive capacity, m ay depend  on the state of conservation 
of their continental counterparts, even w hen  there are clear 
differentiation processes. O n the other hand, it raises im portant
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practical issues. Isolated and  diversified island populations have 
been  traditionally regarded  as separate m anagem ent units, 
how ever the results th row n in  this thesis indicate that, on certain 
occasions as in the case of highly m obile species, taking for 
g ran ted  that independence and  ignoring  the connection to the 
continent, can lim it the ecological vision of the problem  and 
therefore prevent from  the elaboration of a m ore adequate and 
successful m anagem ent plan.
Preserve or prom ote the entry  of new  genes' in the island 
popula tions can partly  alleviate the negative effects of the loss of 
genetic diversity. All island populations have suffered a 
bottleneck during their foundation  w hat determ ines a m ore or less 
deep  genetic im poverishm ent, depend ing  on the num ber of 
founders (Pimm et al. 1988, F rankham  1995). Reduced sizes of 
populations may in  turn , facilitate loss by drift. In this way, 
islands are naturally  m ore likely to suffer the effects of inbreeding 
th an  their continental counterparts (Frankham  1997, 1998). The 
popu la tion  declines that m ost insular dem es are subjected at 
p resent, due to hum an  activity, could also be increasing this trend. 
In the present study, it is p rov ided  em pirical evidence tha t show  
how  these reduced and genetically im poverished entities are 
subject to the effects of inbreeding, and  becom e m ore vulnerable 
to extinction (Chapter 5). O n the one hand , it is observed tha t loss 
of diversity affects both  neutra l loci and  genes under selection. 
The results indicate that drift dom inates as evolutionary force 
above forces of adaptive selection (Chapter 3). Island dem es lose 
adaptive potential and  consequently  are unable to respond to 
environm ental changes such as, for exam ple, the arrival of new  
pathogens. Previous results relating an  increase in abundance of 
v iruses and  bacteria in the islands and  the m ainland, w arn  about 
the exponential grow th of pathogens that certain anim al 
populations are suffering, particularly  those belonging to the 
scavengers species (Blanco et al. 2007, Lem us & Blanco 2009a,
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Lem us et al, 2008; G angoso et al. 2009). This increase m ay h av e  
very different consequences in the tw o types of popu la tions, 
becom ing catastrophic on islands w here ind iv iduals lack of th e  
required  genetic diversity to respond to these new  threats. The 
present s tudy  evidences how  a genetically im poverished  
population  m ay be unable to respond to an  environm ental change 
favoured by hum an  action (Chapter 3).
A part from  reducing the evolutionary potential, the loss of 
genetic diversity  m ay directly affect the param eters th a t 
determ ine the ind iv idual fitness, and finally the viability of 
populations. There is an increasingly num ber of studies 
suggesting the existence of negative effects caused by the loss of 
genetic diversity  in natu ra l populations (generally called 
inbreeding depression) (see the review  of C hapm an et al. 2009). 
H ow ever, it is still unknow n how  these m echanism s operate since 
there are to date, very few studies that describe cause-effect 
relationships betw een genetic diversity  and  the ecological 
param eters related to fitness (e.g. H ansson et al. 2001; Acevedo- 
W hitehouse et al. 2006; O rtego et al. 2007; Luikart et al. 2008; 
Blomqvist et al. 2010). In addition, m ost of the studies carried out 
thus far have used indirect m easures of inbreeding, particularly  
m easures of ind iv idual diversity based on few neutral m arkers. 
These values can poorly represent the levels of genom ic diversity 
(Balloux et al. 2004; Slate et al. 2004; H ansson & W esterberg 2008; 
C hapm an et al. 2009). The m ain advantage tha t the p resen t study 
has w ith  respect to m ost of the equivalent articles previously 
published  are: 1) it is em ployed a relatively large set of neutral 
m arkers (22 loci) (Chapter 1), w hose heterozygosity  values are 
significantly correlated, suggesting tha t they can be used  as good 
indicators of the overall genetic variability (Szulkin et al. 2010), 2) 
it is m easured  diversity at neutral loci and  also, as already 
m entioned above, it is estim ated the effects of loss of functional 
diversity  on the ind iv idual fitness, 3) both  m easures of genetic
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diversity  (neutral and  functional) are correlated as well, w hat m ay 
be another indicative of the valid ity  of our neutral m arkers as 
indirect indicators of the genom ic variability, 4) it is know n the 
degree of kinship betw een the b reeding  pairs, w h at provides 
ano ther and  m ore direct m easure of inbreeding, and  5) the study  
has been carried out on a sam ple ra ther representative of the 
population  (85%). All these elem ents give consistency to the 
p resen t results, w hich suggest tha t there is a significant 
relationship betw een genetic diversity  and  the ind iv idual fitness 
of the C anarian Egyptian vu ltu res (Chapter 5). First, it is noted 
th a t the diversity at genes linked to the im m une system  is 
significantly related to the p roductiv ity  of individuals, w hich 
corroborates that the im m une response is one of the m ost 
im portan t characteristics determ ining  the ind iv idual fitness 
(Chapter 3). Second, it is observed tha t there is a correlation 
betw een inbreeding (indirectly m easured  th rough  the ind iv idual 
neutra l heterozigosidad) and  the age of recruitm ent. Hence, less 
'endogam ous' (or m ore heterozygotes) ind ividuals recruit earlier. 
The delay in the age of recruitm ent in long-lived species can 
accelerate their risk of extinction (W eim erskirch 1992; C ongdon et 
al. 1993; Saether & Bakke 2000; E berhardt 2002; G rande et al. 2009). 
These results could partly  explain the h igh  risk of extinction 
typically observed in island populations of long-lived b ird  species.
Globally, the present data  dem onstrates that the genetic 
deterioration in small populations has a negative im pact on the 
individual fitness and the popu la tion  viability, thus increasing the 
population 's risk of extinction (e.g. Keller 2002; Brook et al. 2002; 
Spielm an et al. 2004; F rankham  2005; Blomqvist et al. 2010). These 
results represent an em pirical evidence of how  the conjunction of 
determ inistic factors, generally related to hum an activity (non­
natural m ortality caused by direct or indirect persecution or 
in troduction of pathogens) and  the stochastic genetic factors (loss 
of adaptive potential and inbreeding  depression) can irrem ediably
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m ultip ly  the probability  of extinction of a population, if no t 
appropria te  m easures are taken  in time.
In the present case, there is no doub t tha t hum an  activity is 
accelerating the decline of the canarian  Egyptian vu ltu re  
population . H ow ever, hum an  action w as also responsible for its 
colonization and  later d ifferentiation (Chapter 4). Such 
colonization is very recent (only about 2500 years), w hich m ake us 
to w onder if w e m ay be w itnessing a natural event of 
colonization-extinction. This question  leads, in  turn, to a m ore 
general m atter: to w hat extent are large vertebrates able to survive 
on the islands? The arrival of a predictable and abundan t food 
source allow ed the founding  of the Egyptian vu ltu re  in the 
C anary Islands. Similarly, the decline or dem ise of this source of 
energy due to changes in the island economies, could largely 
determ ine the extirpation of the species from  m ost of the islands 
of the archipelago, because the species was unable to respond to 
those changes. The occasional arrival of continental individuals, 
po ten tial re-colonizers, indicates tha t the p resent process of 
extinction could be reverted if favourable environm ental 
conditions in the islands return . Of course, for this to happen, it 
w ou ld  be necessary to m ain tain  healthy and  large continental 
populations (since the arrival of these ind iv iduals m ust be a very 
occasional event) and now adays these populations are also in 
serious decline. This thesis has allow ed draw ing  the entire 
episode from  the foundation  to the near-extinction of an insular 
population. The observations suggest that these entities can be 
dynam ic, ephem eral, and  very vulnerable.
The question that I guess arises in the m ind  of the reader is: 
w hat should  w e do to preserve the 'guirre'? This thesis is not 
in tended  to be a m anagem ent m anual, bu t it can and  m ust bring 
up  questions of practical utility. N evertheless, the answ er to that 
question  is com plex and  we w ould  need  m ore than  the few lines
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of this text to answ er it. I w ou ld  like, though, open  some 
interrogates about the applied m anagem ent dealing w ith  cases 
like the one here. Obviously, the first th ing  w e need to address for 
the conservation of any popula tion  is the rem oval of the direct 
causes of its decline, w hich can be achieved w ith  relatively sim ple 
m easures (see Laura G angoso' thesis for m ore detail). But, 
focusing on the purely  conservation genetics: how  do w e reduce 
the risks associated w ith  the loss of diversity in a genetically 
im poverished population? From w hat perspective, w e m ust think 
abou t carrying out m easures such as translocations or 
réintroductions? A nsw ering these questions requires a very 
thorough understanding , at both  the genetic and  ecological level, 
of the threatened populations. There are no magic form ulas and 
each population should  be studied  independently  since there are 
m any variables that com e into play and will be different in each 
case. Projections using dem ographic m odels are very useful, 
because they perm it to predict the m om ent w hen the application 
of such m easures w ould  be recom m ended, to significantly 
im prove the population 's viability (see for exam ple M cCullough et 
al. 1996 or Dobson et al. 1992). The fact is tha t there barely are 
exam ples in w hich im m igration (or other type of restoration of the 
gene flow betw een populations) is applied  to relieve genetic 
problem s, w ith the exception of the few cases already m entioned 
(see general introduction). The question tha t I w ould  like to leave 
as the culm ination of this synthesis is: is it now  tim e to start to 
more w idely apply such m easures, in conjunction w ith  other 
protective m easures, on reduced and threatened  populations 
before they reach critical levels of inbreeding?.
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Next steps
The results obtained in this Thesis open new  m atters tha t 
w ou ld  be in teresting to deal w ith  in the near fu ture. Based on the 
observed effects of genetic diversity on the age of recruitm ent, a 
m odel aim ing to predict the dem ographic consequences of such 
effect on island populations in a long term , could  be developed. 
Such a study  could quantify  the role of inbreeding in the 
extinction risk of an insular population. There barely are such 
sorts of studies so far, bu t their developm ent is one of the m ain 
priorities w ith in  the conservation genetics area, sum m arized  by 
F rankham  (2010a).
O ur data w ould  allow  us to analyse w hether, ap art from  
the observed effects, the loss of genetic diversity  is affecting the 
offspring survival. This analysis has no t been included in this 
Thesis, bu t it w ould be highly recom m ended since it w ould 
com plem ent the existing results. In addition , it w ou ld  be 
in teresting to include other items, related to the insular syndrom e 
and  no t previously addressed, that could be affecting the 
ind iv idual fitness. For exam ple, it w ould  be relevant to verify 
w hether the ind iv idual size, characteristically larger on islands, is 
correlated w ith  the ind iv idual fitness. A prelim inary  analysis has 
revealed som e significant correlation. This correlation is very 
in teresting because it w ou ld  explain the trend  tow ards gigantism  
observed in the C anarian Egyptian vultures and  also characteristic 
of m any insular taxa (Carlquist 1972; Lom olino 2005). This 
relationship  w ould  also clarify how  the observed differentiation 
(increased size in the 'guirres') have been able to occur so quickly 
(less than  200 generations. Chapter 4) w hich is hardly 
understandab le  by drift alone. It w ould  also empirically
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dem onstrate, for the first time, one of the theories that explains the 
general trend  to gigantism  in m any insular species: reduction  of 
inter-specific com petition and  increasing of intra-specific 
com petition (Grant 1965; Carlquist 1972; Lom olino 2005).
A nother line of study  tha t has recently been recom m ended 
to be im plem ented w ith in  the field of conservation genetics is the 
quantitative genetics. The adaptive capacity of species is m ore 
related to quantitative genetics than  to m olecular variation; 
how ever, there are very few estim ates of its variability in  natu ra l 
populations of endangered species (Frankham  2010b). The deep 
biological know ledge of the Egyptian vulture, the availability of 
ind iv idual m orphological and ecological data in v irtually  the 
w hole population and from  at least tw o generations, m ake the 
C anarian population to be an ideal m odel for carrying ou t this 
type of study, inexistent to date in w ild populations of long-lived 
species.
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Antécédentes y  preguntas
Una proporciôn m uy im portante de las poblaciones de 
vertebrados de larga v ida existentes en el p laneta estân sufriendo 
u n  proceso drâstico de declive y pérd ida  de d iversidad genética y 
potencial adaptative. Este hecho puede llegar a com prom eter su 
capacidad de respuesta ante los cam bios am bientales (e incluse 
ante las m edidas aplicadas para  su censervaciôn) y 
censecuentem ente, acelerar su prebab ilidad  de extinciôn. U ne de 
los principales retes de la genética de la censervaciôn es 
determ inar les niveles de d iversidad  genética y les petenciales 
efectes de su pérd ida, sobre la v iabilidad  de las poblaciones 
am enazadas. El desarrelle  tecnelôgice ha habilitade y estim ulade 
el use de m arcaderes genétices neutrales variables en u n  num éro 
cada vez m ayor de poblaciones, le que ha perm itido  responder en 
parte  a esas preguntas, Sin em bargo y a pesar de su ineludible 
u tilidad, el use de estes m arcaderes entrana substanciales 
lim itaciones ya que no perm ite evaluar la variaciôn genética 
adap tativa y del m ism o m odo, tam poco perm ite analizar la 
interacciôn de los efectes genétices y am bientales sobre la 
viabilidad de las poblaciones. Q uedan  p e r le  tan te  im portantes 
lagunas que cubrir en el cam pe de la genética de la censervaciôn 
que requieren del anâlisis de la genética funcional, la genética
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cuantita tiva y la genôm ica en las poblaciones salvajes (O uborg et 
al  2009, 2010; O uborg  2010).
La présente tesis quiere dar un  paso en esa direcciôn. El 
objeto m otor de este trabajo es resolver los in terrogantes existentes 
en torno a la im portancia de la genética en el estado de 
censervaciôn y supervivencia de una poblaciôn insular y 
altam ente am enazada de u n  vertebrado de larga vida; el alim oche 
canario o guirre. M ediante el anâlisis de este m odelo de estudio  
pretendem os ayudar a com prender que papel juega la d iversidad  
genética, tlpicam ente reducida en las islas, sobre determ inados 
param étrés dem ogrâficos (taies como la caracteristicam ente baja 
p roductiv idad  insular), y a nivel m as general, sobre la elevada 
vu lnerab ilidad  p rop ia  de las poblaciones islenas.
Para poder lograr estes objetivos, a parte del em pleo de las 
técnicas m oleculares, es necesario disponer de inform aciôn 
ecolôgica a nivel ind iv idual, la cuâl en el case de u n  vertebrado de 
larga v ida requiere de su seguim iento a largo plazo. El présente 
trabajo cuenta con diez anos de exhaustive m onitoreo de la 
poblaciôn canaria de alimoche, gracias al cual se dispone de dates 
ecolôgicos ind iv iduales (morfologia, edad de reclutam iento, 
p roductiv idad , supervivencia, entre otros) de m as del 85% de la 
poblaciôn residente en las islas. A dem âs, los m as de 20 anos de 
seguim iento de varias poblaciones Ibéricas y de la Balear perm iten 
d isponer de m uestras de otras areas de distribuciôn, continentales 
e insulares, y de inform aciôn ecolôgica individual y dem ogrâfica 
lo cual perm ite abordar este estudio desde una aproxim aciôn 
com parativa.
Este estudio  no partia  pues de cero si no que surgia de un  
proyecto ya vigente y con m as de diez anos de duraciôn, cuyo 
objetivo principal es com prender los parâm etros que estân 
determ inando el declive y la extinciôn de una subespecie ûnica, 
para  poder establecer las m edidas adecuadas para su
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conservaciôn. La prim era parte  de este proyecto se m aterialize en 
la tesis de Laura G angoso (2006). En ella la autora p ro fund iza  en 
la ecologia de esta poblaciôn caracterizada por su condiciôn de 
insularidad. A partir de este extenso trabajo se pud ieron  esclarecer 
algunos de los procesos que estân  llevando al guirre a la extinciôn. 
Éstos estân relacionados principalm ente con la elevada 
m ortalidad  no natural debida, de m anera directa o indirecta, a la 
acciôn hum ana. A dem âs, se observô que el carâcter insular de la 
poblaciôn parece hacerla m âs susceptible a esos procesos 
determ inando unas tasas de natalidad  anorm alm ente bajas y una 
debilitada respuesta inm une (D onâzar et al. 2002; G angoso et al.
2009). El siguiente paso era saber si los parâm etros genéticos 
caracterlsticos de las islas (bajos niveles de variabilidad, dériva 
génica o incluso la endogam ia) estaban potenciando tam bién esa 
vulnerabilidad  o afectando a la salud  de la poblaciôn.
Con la présente Tesis Doctoral se ha pod ido  dar respuesta 
en buena parte a estos in terrogantes y représenta u n  avance 
cuantitativo en la direcciôn indicada. Por u n  lado, es uno de los 
prim eros estudios en caracterizar genéticam ente (usando 
m arcadores neutrales microsatélites) una poblaciôn prâcticam ente 
com pléta, de un  vertebrado de larga vida. Es uno  de los pocos 
trabajos existentes en el que el estudio  de la pérd ida  de d iversidad 
neutral se com bina con el anâlisis paralelo de genes funcionales y 
potencialm ente adap tatives com o son los del Complejo M ayor de 
H istocom patibilidad (MHC). Es, de hecho, el p rim er estudio  que 
analiza la d iversidad de los genes del M HC en varias poblaciones 
naturales de una rapaz en peligro, incluyendo el 85% y dos 
generaciones de ind ividuos de una poblaciôn insular. El 
genotipado de una poblaciôn casi com pléta y el estudio de la 
segregaciôn de los alelos de padres a hijos, ha perm itido  solventar 
parcialm ente uno de los principales problem as al que los 
cientificos nos enfrentam os a la hora de estudiar los genes del 
M HC en especies salvajes, especialm ente aves: la am plificaciôn
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sim ultânea de varias copias del m ism o gen. Este prob lem a 
dificulta el câlculo de las frecuencias alélicas reales y por lo tan to  
el anâlisis de las m ism as. En el présente caso, la d isponib ilidad  del 
pedigri parcial de la poblaciôn canaria de alim oche perm itiô  
describir g rupos de ligam iento de alelos entre las copias del gen e 
inferir las frecuencias alélicas tanto en C anarias como en el resto  
de las poblaciones. Por ultim o, esta tesis es uno  de los p rim eros 
trabajos en el que el estudio de la genética neu tra l y funcional se 
com bina con una inform aciôn ecolôgica ind iv idual m uy précisa. 
Como resultado, no solo se responden a las p regun tas que se 
p lan teaban  en relaciôn al objeto de estudio de esta tesis, si no que 
se aportan  conclusiones nuevas y vâlidas dentro  del m arco de la 
genética de la conservaciôn de los vertebrados.
Principales aportaciones
Los resultados de esta tesis indican que las poblaciones 
insulares de especies con capacidad dispersiva pu ed en  actuar 
como m etapoblaciones (Haila 1990; H anski 1999). A pesar de su 
aislam iento y diferenciaciôn, las poblaciones insulares pueden  
recibir ind iv iduos continentales de m anera ocasional (capitulo 2). 
Esta inm igraciôn, aunque esporâdica, no ha im pedido  em pero, la 
diferenciaciôn fenotipica y genética de los alim oches canarios 
(descritos com o una subespecie diferenciada (N. p. majorensis, 
D onâzar et ah 2002)) (capitulo 4). Por el contrario, este flujo génico 
puede tener efectos positives en ésta, y en las poblaciones 
insulares en general, al aum entar los niveles de d iversidad  
genética y su potencial evolutive, y reducir los riesgos asociados a 
la dériva génica (W estemeier et al. 1998, M adsen et al. 1999; 
Frankham , 2002; Keller & W aller 2002; Vila et al. 2003; H ogg et al. 
2006; O rtego et al. 2008). La existencia de inm igraciôn, aun  cuando
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rara^ hene im portantes repercusiones en term ines de conservaciôn 
p u estc  que implica, por u n  lado, que el estado de conservaciôn de 
las poblaciones insulares, de especies de vertebrados con 
capacidad dispersiva, puede depender del estado de conservaciôn 
de  sus équivalentes continentales, aun  cuando existan procesos 
claros de diferenciaciôn. Por otro lado, p lantea cuestiones 
prâcticas im portantes. Las poblaciones insulares aisladas y 
diversificadas han  sido tradicionalm ente consideradas un idades 
independientes de gestiôn, sin em bargo los resultados arrojados 
en  esta tesis indican que en determ inadas ocasiones, como en el 
caso de especies m uy môviles, dar por sentado esa independencia  
e ignorar la conexiôn con el continente, puede lim itar la v isiôn 
ecolôgica del problem a y com prom eter una gestiôn adecuada y 
m âs exitosa.
Preservar o favorecer la en trada de "nuevos genes' en las 
poblaciones insulares puede aliviar en parte  los efectos negativos 
de la pérd ida de d iversidad genética. Todas las poblaciones 
insulares sufren un  cuello de botella en su fundaciôn lo que 
déterm ina un  em pobrecim iento genético m âs o m enos p rofundo , 
depend iendo  del num éro de colonizadores (Pimm et al. 1988, 
F rankham  1995). Los tam ahos reducidos de estas poblaciones 
facilitan a su vez la pérd ida por dériva. De este m odo las islas 
tienen, de form a natural, m âs probabilidades de sufrir los efectos 
de la endogam ia que sus équivalentes continentales (Frankham  
1997, 1998). Los declives poblacionales a los que la m ayoria de las 
poblaciones insulares se ven som etidas en la actualidad, debido a 
la actividad hum ana, no hacen sino increm entar esta tendencia. En 
el présente trabajo se evidencia como estas entidades, reducidas y 
genéticam ente em pobrecidas, son victim as de los efectos de la 
endogam ia haciéndose m âs vulnérables a la extinciôn (capitulo 5). 
Por u n  lado se observa que la pérd ida  de d iversidad  afecta tanto  a 
genes neutrales como a genes sujetos a selecciôn. Los resu ltados 
sugieren que la dériva prédom ina como fuerza evolutiva por
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encim a de las fuerrzas de selecciôn adaptativa. Asi, las poblaciones 
insulares p ie rd en i potencial adaptativo  y son incapaces de 
responder a los carmbios am bientales como, por ejemplo, la llegada 
de nue vos patôgem os. El increm ento que se ha venido observando 
en la abundancia  die virus y bacterias tanto  en las islas como en el 
continente puede  tener consecuencias m uy distintas en los dos 
tipos de poblaciom es, pudiendo alcanzar niveles catastrôficos en 
las islas donde los> individuos carecen de la d iversidad necesaria 
para  responder a eesas nuevas am enazas (capitulo 3). El présente 
trabajo m uestra  m n ejemplo claro de un  cambio am biental 
favorecido por lia acciôn hum ana, al que una poblaciôn 
genéticam ente em pobrecida es incapaz de responder.
A parte  de cdisminuir el potencial adaptativo, la pérd ida  de 
d iversidad  puede  cafectar de m anera directa a los parâm etros que 
determ inan  la salm d y la eficacia biolôgica de los individuos, y 
finalm ente la viabiilidad de las poblaciones. Existen cada vez m âs 
estudios que sugieiren la existencia de efectos negativos causados 
po r la pérd ida  de dliversidad genética en las poblaciones naturales 
(conocido en conjuinto como depresiôn por endogam ia) (ver la 
revisiôn de C hapm ian et al 2009). Sin em bargo, se desconoce aûn 
cômo operan  d ich o s m ecanism os ya que hasta la fecha, hay m uy 
pocos trabajos que* describan relaciones de causa-efecto entre la 
d iversidad  genéticai y los parâm etros ecolôgicos relacionados con 
la eficacia biolôgicai (e.g. H ansson et al. 2001; A cevedo-W hitehouse 
et al. 2006; O rtego et al. 2007; Luikart et al. 2008; Blomqvist et al.
2010). A dem âs, la m ayoria de los estudios llevados a cabo han 
u tilizado m edidas indirectas de la endogam ia, especialmente 
m edidas in d iv id u ales de d iversidad basadas en unos pocos 
m arcadores neutrailes. Estos valpres pueden  representar m uy 
pobrem ente los niweles de d iversidad genôm ica (Balloux et al 
2004; Slate et al. 2004; H ansson  & W esterberg 2008; C hapm an et ai. 
2009). La ventaja d e  este estudio  respecto a la m ayoria de los 
trabajos équ ivalen tes publicados hasta la fecha estriba en que: 1)
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se em plea una  bateria relativam ente am plia de m arcadores (22 
loci; capitulo 1), cuyos valores de heterocigosidad se encuentran 
adem âs correlacionados significativam ente, lo que sugiere que 
p u ed en  ser buenos indicadores de la variabilidad global (Szulkin 
et ah 2010), 2) no solo se m ide la d iversidad  a nivel neu tra l si no 
que, como ya se ha m encionado, se estim an los efectos de la 
pérd ida  de diversidad funcional sobre la salud de los individuos, 
3) am bas m edidas de d iversidad  (neutral y funcional) se 
encuentran  a su vez correlacionadas, lo que puede  ser otro 
indicativo m âs de la validez de los m arcadores neutrales como 
indicadores indirectos de la variabilidad genômica, 4) se conoce el 
grado de parentesco de las parejas reproductoras lo que aporta 
otra m edida mâs directa de la endogam ia y 5) el estudio  se ha 
llevado a cabo en una m uestra m âs que representativa de la 
poblaciôn (el 85%). Todos estos elem entos dan  consistencia a estos 
resultados, los cuales sugieren  que existe una relaciôn significativa 
entre la diversidad génica y la eficacia y la salud ind iv idual de los 
alim oches canarios (capitulo 5), Por un  lado, se observa que la 
d iversidad de los genes relacionados con el sistem a inm une estâ 
significativam ente relacionada con la p roductiv idad  de los 
individuos, lo que corrobora que la capacidad de respuesta 
inm une es una de las caracteristicas m âs im portan tes que 
déterm ina la eficacia individual. For otro lado se détecta una 
correlaciôn entre la endogam ia (m edida indirectam ente m ediante 
la heterozigosidad neu tra l individual) y la edad de reclutam iento, 
de tal m odo que aquellos jôvenes m enos 'endogâm icos' o m âs 
'heterocigotos' se incorporan antes a la poblaciôn reproductora. El 
retraso en la edad de reclutam iento en especies de larga vida, 
puede acelerar su riesgo de extinciôn (W eimerskirch 1992; 
C ongdon et al. 1993; Saether & Bakke 2000; E berhardt 2002; 
G rande et al, 2009). Estos resultados pod rian  explicar en parte  los 
elevados riesgos de extinciôn tlpicam ente observados en las 
poblaciones insulares de aves de larga vida.
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G lobalm ente, los datos obtenidos dem uestran  que «el 
deterioro genético en las poblaciones reducidas tiene u n  efectto 
negativo en la salud  ind iv idual y poblacional, aum entando  asi sm  
riesgo de extinciôn (e.g. Keller & W aller 2002; Brook et al. 20012; 
Spielm an et al. 2004; Frankham  2005; Blomqvist et al. 2010). E sto s  
resultados represen tan  una  evidencia em pirica de cômo lia 
conjunciôn de los factores determ im sticos, generalm entte 
relacionados con la actividad hum ana (m ortalidad no natu ra l p o r  
persecuciôn directa o indirecta o introducciôn de patôgenos) y die 
los factores estocâsticos de origen genético (pérdida de potenciaal 
evolutivo y depresiôn  por endogam ia) puede m ultiplicæ r 
irrem ediablem ente la probabilidad  de extinciôn de una poblaciôn , 
si no se tom an las m edidas adecuadas a tiempo.
En el caso del guirre, es indiscutible que la acfividatd 
hum ana ha acelerado el declive de la poblaciôn, sin em bargo, fuie 
tam bién responsable indirecte de su colonizaciôn y posterio)r 
diferenciaciôn (capitulo 4). Esta colonizaciôn es m uy recientie 
(apenas 2500 anos), lo cual nos p lantea si no estarem os siendio 
testigos de un  evento natural de colonizaciôn-extinciôn, lo que ia 
su vez nos conduce a una  cuestiôn m âs general; ^hasta que puntco 
pueden  los grandes vertebrados sobrevivir en las islas? La lleg ad a  
de una fuente de alim ente abundante  y predecible perm itiô  e l 
asentam iento del alim oche en las islas Canarias. Del m ism o modo», 
la dism inuciôn o desapariciôn de dicha fuente energética debido a  
los cambios en las econom ias insulares, ha podido  determ inar, e n  
gran parte, la extirpaciôn de la especie de la m ayoria de las islas 
del archipiélago, la cual ha sido incapaz de responder a los 
cam bios acontecidos. La llegada ocasional de ind iv iduos 
continentales, potenciales recolonizadores, indica que el p résen te  
proceso de extinciôn podria  revertirse si las condiciones 
am bientales en las islas volvieran a ser favorables. Claro que p a ra  
ello séria necesario el m antenim iento  de poblaciones continentales 
sanas y de gran tam aho (puesto que la llegada de estos ind iv iduos
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d eb e  de ser u n  evento m uy ocasional) y en la actualidad  estas 
poblaciones estân tam bién en serio declive. La p résen te  tesis ha 
perm itid o  dibujar el escenario com plete desde el origen hasta la 
casi-extinciôn de una poblaciôn insular y sugiere que estas 
en tidades pueden  ser dinâm icas, efim eras y m uy vulnérables.
La p regunta que im agine surge a continuaciôn en la m ente 
de l lector es: ^qué debem os hacer para preservar el guirre? Esta 
tesis  no pretende ser un  m anual de gestiôn, pero si puede  y debe 
p lan tear cuestiones de u tilidad  prâctica. N o obstante, la respuesta 
a esa  p regunta  es compleja y nos llevarla m âs de las escasas lineas 
de  este texto para contestarla. Si m e gustaria, em pero, abrir 
a lgunos interrogantes acerca de la gestiôn aplicada de casos com o 
el que nos ocupa. Es obvio, que lo prim ero que debem os abordar 
p a ra  la conservaciôn de cualquier poblaciôn, es la elim inaciôn de 
las causas directas del declive, lo cual puede  conseguirse con 
m ed idas relativam ente sencillas (véase la tesis de Laura Gangoso 
p a ra  mâs detalle). Pero, y a centrândonos en la genética de la 
conservaciôn: ^como reducim os los riesgos asociados a la pérd ida  
de d iversidad  en una  poblaciôn genéticam ente em pobrecida?, ^a 
p a rtir  de qué m om ento debem os p lan tearnos llevar a cabo 
translocaciones o reintroducciones? La respuesta a estas p regun tas 
requ iere  de un  conocim iento m uy exhaustive tanto  a nivel 
genético como ecolôgico de las poblaciones, no hay fôrm ulas 
m âgicas y cada poblaciôn ha de ser estud iada 
independientem ente puesto  que son m uchas las variables que 
en tran  en juego y serân distintas en cada caso. La elaboraciôn de 
proyecciones m ediante m odelos dem ogrâficos es de gran  u tilidad, 
p u es  perm iten predecir a partir de que m om ento serian 
recom endables este tipo de m edidas y como p u ed en  m ejorar la 
viabilidad de las poblaciones (ver por ejem plo M cC ullough et al 
1996 o Dobson et al. 1992). La realidad  actual es que, exceptuando 
unos pocos casos ya m encionados (ver in troducciôn general), 
apenas existen ejemplos en los que la inm igraciôn (u otro tipo de
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reestablecim iento del flujo génico entre poblaciones) se h ay  a 
aplicado para  aliviar problem as genéticos. La cuestiôn que m e 
gustaria dejar com o colofôn de la smtesis de este trabajo, es, si no 
ha llegado el m om ento de em pezar a aplicar m âs am pliam ente  
este tipo de m edidas, en conjunciôn con otras m ed idas 
protectoras, en las poblaciones reducidas y am enazadas, an tes de 
que alcancen niveles criticos de endogam ia.
Los siguientes pasos
Los resultados obtenidos en esta tesis p lan tean  nuevas 
cuestiones que séria interesante abordar en el fu tu re  prôxim o. A 
partir de los datos del efecto de la d iversidad genética sobre la 
edad  de reclutam iento, se podria  elaborar un  m odelo que nos 
perm itiera p redecir las consecuencias dem ogrâficas a largo plazo 
de dicho efecto en poblaciones insulares como la que nos ocupa. 
Este tipo de estudio  perm itiria cuantificar el papel de la 
endogam ia en el riesgo de extinciôn de una poblaciôn insular. 
A penas existen trabajos de esta Indole pero su elaboraciôn es una 
de las principales prio ridades dentro  del ârea de la genética de  la 
conservaciôn resum ida por Frankham  (2010a).
N uestros datos perm itirian  analizar si, adem âs de los 
efectos observados, la pérd ida  de d iversidad  genética estâ 
afectando a la supervivencia de la descendencia de cada 
individuo. Ese anâlisis no ha sido incluido en esta tesis pero su 
estudio séria m uy recom endable ya que com pletaria los resultados 
obtenidos. A dem âs, séria interesante incluir otros elem entos 
relacionados con la insu laridad  que pud ieran  estar afectando a  la 
salud  y a la eficacia de los individuos y que no se han  abordado 
hasta la fecha. Por ejemplo, séria relevante com probar si el tamafio
52
Sm tesis
caracteristicam ente m ayor de los ind iv iduos insulares, se 
encuentra  correlacionado con el éxito o la calidad ind iv idual. Un 
anâlisis prelim inar nos ha revelado cierta correlaciôn, lo cual es 
m u y  interesante porque explicaha la tendencia al gigantism o, 
observada en los alimoches canarios, y caracteristica de m uchos 
taxones insulares (Carlquist 1972; Lom olino 2005). Esa relaciôn 
aclararia tam bién que esa diferenciaciôn (aum ento del tam aho de 
los guirres) se haya podido  p roducir de u n  m odo tan  râpido 
(m enos de 200 generaciones, cap itu lo  4) lo cual es m uy 
dificilm ente explicable solo por dériva. A dem âs, dem ostraria  de 
form a em pirica, por prim era vez, una de las teorias con la que la 
biogeografla de islas explica la tendencia general al gigantism o 
observada en m uchas especies insulares: la reducciôn de la 
com petencia inter-especlfica y el aum ento  de la com petencia intra- 
especlfica (Grant 1965; C arlquist 1972; Lomolino 2005).
O tra de las lineas de trabajo que es recom endable em pezar 
a aplicar con m ayor frecuencia dentro  del cam po de la genética de 
la conservaciôn, es la genética cuantitativa. La capacidad 
evolutiva de las especies estâ m âs relacionada con la genética 
cuantita tiva que con la variaciôn m olecular, sin em bargo, apenas 
existen estim as de su variabilidad en las poblaciones naturales de 
especies am enazadas (Frankham  2010b). El p rofundo  
conocim iento biolôgico de la poblaciôn canaria de alim oche, la 
d isponib ilidad  de datos morfolôgicos y ecolôgicos ind iv iduales en 
un  porcentaje m uy representative de la poblaciôn y en al m enos 
dos generaciones, la convierten en u n  m odelo ideal para  llevar a 
cabo este tipo de estudios, inexistentes hasta el m om ento en 
poblaciones salvajes de especies de larga vida.
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An adult Canarian Egyptian vulture (Neophron percnopterus 
majorensis) poses on a volcanic rock in Fuerteventura, Canary Islands
Guirre adulto posado sobre una roca volcanica en Fuerteventura, Islas 
Canarias
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GTGATTCTGGCGATGATTTGTG' iTTAAA'* .GCTCTC  
TCAGAAACTCTTGATTCTG jCGA"' _,UACATTTA" JTT
o r e  j 'c c a c t g a t " .^AT
GTGTGTG . „ i ATGTGTGTG^ .»GTGTGTGTGTGGTGT 
GTGTGTTTGCTCC
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A islam iento y caracterizaciôn de 18 m icrosatellites en el 
A lim oche (N eophron percn opteru s)  
R esum en
El uso de m arcadores especificos es m uy recom endable, 
especialm ente cuando se trata de obtener estim as de variabilidad  
genética en poblaciones am enazadas. Los m arcadores 
heteroespeclficos suelen presen tar d ism inuidos niveles de 
polim orfism o cuando se aplican a otras especies distin tas de la 
que se ha em pleado para  su diseho, lo que se denom ina como 
'ascertainm ent bias'. Por otro lado, en la u ltim a parte  de esta tesis 
analizam os el parentesco y grado de endogam ia en la poblaciôn 
C anaria de Alimoche, lo que im plicaba d isponer de u n  gran 
n um éro  de m arcadores polimôrficos. A ntes de com enzar nuestro  
estudio  contâbam os con 14 m icrosatélites prev iam ente disehados 
en  el Q uebrantahuesos {Gypaetus barbatus). De todos ellos tan  sôlo 
5 am plificaron correctam ente y fueron  polim ôrficos y pudieron , 
p o r lo tanto, ser em pleados con éxito en nuestro  estudio. A dem âs 
de esos 5 m arcadores, desarrollam os dos librerlas com plétas de 
m icrosatélites especificos para el A lim oche, a partir de las cuales 
obtuvim os un  total de 18 loci polim ôrficos, tras descartar aquellos 
en desequilibrio de ligam iento o con alelos nulos.
En este capitulo se describen los protocolos seguidos para 
la creaciôn de las librerlas enriquecidas y la am plificaciôn de los 
fragm entos. Adem âs, se resum en los niveles observados de 
heterozigosidad y riqueza alélica en  la subespecie C anaria (N. p. 
majorensis) y en la Europea (N. p. percnopterus) (0.46 y 3.9, 0.51 y 
4.7 respectivam ente).
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Abstract
We developed 18 new  m icrosatellite loci for the endangered  
Egyptian vu ltu re  {Neophron percnopterus). M icrosatellite loci w ere 
screened for varia tion  in tw o different populations belonging to 
separate subspecies: the nom inal N. p. percnopterus and  the 
C anarian N. p. majorensis. M ean expected heterosygosities w ere 
respectively 0.51 and  0.46, w hile the m ean num ber of alleles per 
locus w as 4.7 and  3.9. These new  m arkers allow  further genetic 
studies for the endangered  C anarian Egyptian Vulture.
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Introduction
Large avian scavengers are sharply  decreasing all around  
the Old W orld, m ainly due to hum an  direct persecution and 
accidental poisoning and  electrocution in pow er lines (Koenig 
2006). Egyptian vultures (Neophron percnopterus) w ere 
continuously d istribu ted  from  the Iberian Peninsula to India and 
from  the M agreb to South Africa. A t the present, the species has 
d isappeared  in m ost developed countries in  sou thern  Europe, 
M iddle East and  N orth  Africa, w here only sm all isolated 
populations persist (BirdLife International 2007). In addition, it 
vanished from  m any islands such as Cyprus, Crete, and  M alta in 
the M editerranean (Levy 1996) and  in m ost of the C anarian and 
Cape V erde islands in the M acaronesia (D onâzar et al. 2005). The 
relict C anarian population  is currently  considered as a 
differentiated subspecies (N. p. majorensis), and  it is heavily 
threatened by hum an-induced  m ortality. Due to its sm all size, it 
m ay also face the risks of inbreeding (D onâzar et al, 2002a, 
K retzm an et al. 2003). Here, w e describe the isolation and 
characterisation of 18 m icrosatellites loci for conservation genetic 
analyses of the species. The developm ent of species-specific DNA 
m arkers will allow  the genetic characterisation of the surviving 
populations, the estim ation of the possible levels of inbreeding, 
the genealogical relationships betw een indiv iduals and  the degree 
of gene flow betw een populations.
M ethods and Results
We constructed an enriched genom ic library as described 
by G lenn et al. (2000). DNA extractions w ere perform ed from  
blood sam ples and  approxim ately 10 |Lig of h igh m olecular w eight 
DNA w as isolated by phenol-chloroform  extraction (Sambrook et 
al. 1989). S im ultaneous restriction-ligation of genom ic DNA w as 
carried out using  the Rsal restriction enzym e and double stranded
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linker-adapted  prim ers according to H am ilton  et al. (1999). 
Ligated D N A  w as enriched w ith  a biotin-labelled p robe m ix tu re  
consisting of (GT)io and  (CT) lo at 10 gM each. D N A  fragm ents 
w ith  repetitive sequences w ere then selectively cap tu red  b y  
streptavidin-coated D ynabeads (Oxoid) and  separated  by  a 
m agnetic field. Enriched D N A  w as eluted in  200 gl dH iO  from  th e  
m agnetic beads and concentrated by vacuum  centrifugation to a 
final concentration of ^lOOng/ gl. DNA w as then  ream plified  by  
polym erase chain reaction (PGR), purified  and  ligated in to  a 
cloning vector using pGEM-T Easy Vector II (Promega). A total of 
750 positive clones w ere screened and checked for inserts u s in g  
ABI PRISM BigDye Term inator Cycle kit (A pplied Biosystems) 
and  resolved on an ABI 3100 Genetic A nalyser (A pplied 
Biosystems). Prim er pairs for 88 potentially usable m icrosatellite 
loci w ere designed using the softw are package Prirner3. 
Polym orphism  w as tested by m ultiplex PGR reactions perform ed  
in 20 gl total volum e, w hich include 50 ng  of DNA, 2 m M  of 
MgGh/ 0.25 |iM  of each prim er, 200 |tM dN TP's, Ix  reaction buffer 
[75 mM  Tris-Hcl, 20 mM  (NH4)2S04] and 0.5 units Taq polym erase 
(BIOTAQ). Reaction conditions w ere as follows: ai^ i in itial 
dénaturation  step of 5 m in at 95°G, 6 cycles consisting o^ 45s a t 
92°G, 45 s from  48 to 56°G depending  on each microsatellite, an d  
45s at 72°G follow ed by an additional 22 cycles consisting of 30s a t 
92°G, 30s from 52 to58°G according the m arker and  30s at 72"^ G 
(Table 1). M icrosatellite variability w as assessed in  30 indiv iduals 
from  Fuerteventura Island (Canary Island) and  30 from  the 
N avarra popula tion  (north of Spain). Individuals w ere genotyped 
by assessing allele size on an  ABI 3100 Genetic Analyser (A pplied 
Biosystems) using  forw ard  prim ers labelled w ith  F AM (Sigma) 
and  NED, PET and  VIC (A pplied Biosystems). Allele scoring w as 
carried out using  the GENEMAPPER softw are version 3.5 
(A pplied Biosystems).
The program  MIGROGHEGKER version 2.2.3 (van O osterhout et 
al. 2004) w as used  to identify possible null alleles, large allele
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dropou t, scoring error due to stu tter peaks, and possible 
typographic errors. Deviations from  H ardy-W einberg 
equilibrium , heterozygote deficits and linkage disequilibrium  
w ere tested using the program  GENEPOP 3.4 (updated version 1.2 
described in Raym ond and Rousset 1995).
The presence of null alleles w as detected for tw o loci (N pl66 and 
Np244). These two loci showed deviation from H ardy W einberg 
Equilibrium  after correction for m ultiple tests in the Canarian 
sam p le, bu t only the N pl66  in the Spanish sample, together w ith 
the Np238. A single pair of loci w as significantly linked in both 
sam ples after correction for m ultiple com parisons (Np302 and 
N p39 p<0.00001). Thus, in the final analysis, the less polym orphic 
markier (Np302, Acc.No: E U l95846) w as excluded. Three of the 22 
am plified microsatellites were m onom orphic in both populations 
(N pl22, Acc.No: EU195849), N pl75  (Acc.No: EU195857) and 
Np240 (Acc.No: EU195853) and thus, also excluded.
The m ean num bers of alleles per locus for the tw o sam pled 
populations w ere 4.7 and 3.9 and  the m ean expected 
heterosygosities w ere 0.51 and 0.46 (Spanish and Canarian 
respectively) (Table 2). The apparently  lower values of 
heterozygosity and num ber of alleles found in the Canarian Island 
suggest that this population  may suffer inbreeding depression as 
previously proposed (Kretzman et al. 2003).
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Table 2 S u m m ary  of th e  c ro ss-subspecies am p lifica tio n s of E g y p tian  
v u ltu re  specific m icrosate llite  m a rk e rs  te s ted  o n  one  p o p u la tio n  fro m  
th e  N av a rra  (N o rth  Ib erian  P en in su la , N. percnopterus percnopterus), a n d  
th e  p o p u la tio n  from  C an ary  Is lan d  (F u e rtev en tu ra , N. percnopterus 
majorensis). N u m b er of alleles (NA), size of th e  PCR p ro d u c t am p lified  
(size range), o b serv ed  H e te ro zy g o sity  (Ho), ex p ec ted  H e te ro zy g o sity  
(He) an d  in b reed in g  coefficient (F/s).
N . percnopterus percnopterus (N=30) N . percnopterus majorensis (N=30)
Size S ize
range range
Locus Na (pb) Ho He F/s Na (Pb) Ho He F/s
Np38 2 313-315 0.033 0.033 -0.017 2 313-315 0.100 0.095 -0.053
Np39 11 276-310 0.900 0.891 -0.011 9 276-304 0.724 0.787 0.080
Np51 4 143-155 0.233 0.215 -0.085 2 143-153 0.133 0.124 -0.071
Np78 5 307-316 0.633 0.514 -0.232 3 313-316 0.643 0.536 -0.199
Np93 4 242-248 0.767 0.653 -0.174 3 242-248 0.310 0.344 0.098
N p l4 0 3 396-400 0.500 0.506 0.012 3 396-400 0.333 0.459 0.274
N p l41 4 290-300 0.552 0.666 0.172 2 298-299 0.261 0.287 0.092
N p l51 2 132-136 0.100 0.095 -0.053 2 132-136 0.233 0.206 -0.132
N p l5 5 7 349-355 0.700 0.653 -0.071 6 350-355 0.667 0.657 -0.014
N p l6 3 4 228-236 0.467 0.568 0.178 6 226-236 0.600 0.689 0.129
N p l6 6 6 190-200 0.567 0.779* 0.273 6 190-200 0.433 0.749* 0.422
Np229 7 171-187 0.900 0.783 -0.149 5 171-183 0.767 0,726 -0.056
Np238 5 150-164 0.233 0.534* 0.563 3 150-162 0.500 0.649 0.230
Np244 5 170-180 0.467 0.654 0.286 3 172-176 0.276 0.499* 0.447
Np249 4 237-245 0.400 0.512* 0.218 5 235-245 0.767 0.735 -0.043
N p257 2 108-110 0.033 0.033 -0.017 1 108
Np259 3 123-129 0.600 0.660 0.091 3 123-129 0.233 0.263 0.112
Np296 7 168-188 0.700 0.728 0.038 7 172-188 0.897 0.768 -0.167
*Significant heterozygote deficits in exact test of Hardy-W einberg equilibrium 
after correction for multiple tests.
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Satellite image of the Northwest Africa coasts and the Canarian 
Archipelago. An example of a trans-Saharan migration route overlapped 
on Image Aqua MODIS 2004/03/03 at 14:15 UTC, 
Qittp://earthobservatory.nasa.govA is indicated with black arrows. Note 
that the return route matched strong east winds from the Sahara and 
consequently the route was displaced to the west, very close to the 
Canary Islands.
La ruta migratoria trans-sahariana de un individuo Ibérico se muestra en 
esta foto solapada sobre la imagen satélite de la costa occidental 
Africana. Los vientos orientales prédominantes parecen desplazar la ruta 
seguida por este alimoche en su regreso a la Peninsula Ibérica, lo que 
hace que pase muy cerca de las Mas Canarias.
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and Differentiated Insular Populations in a 
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Conectividad entre el continente y las poblaciones 
insulares diferenciadas: implicaciones para la conservaciôn 
Resumen
Las poblaciones insulares (oceânicas) son m as vulnérables a los 
efectos asociados a los tam anos reducidos de poblaciôn, taies 
com o la dériva génica y la consecuente pérd ida  de d iversidad 
genética. Estas poblaciones, generalm ente aisladas del continente 
y consecuentem ente diferenciadas, son tradicionalm ente 
consideradas y gestionadas como unidades independientes de 
conservaciôn, Sin em bargo, en el caso de especies que cuentan  con 
una  considerable capacidad dispersiva, dichas poblaciones 
p u ed en  recibir inm igrantes provenientes del continente. Esta 
inm igraciôn, aunque ocasional, jugaria un  papel esencial al 
am ortiguar los efectos m encionados (dériva génica) y d ism inuir 
de ese m odo los riesgos asociados a la endogam ia, asi como al 
aum en tar su potencial evolutivo. En este segundo capitulo se 
analiza la estructura de poblaciones y la existencia de 
conectiv idad entre el continente y las poblaciones insulares del 
A lim oche en el Paleârtico occidental. Finalm ente, se discuten las 
consecuencias en térm inos de conservaciôn. Los resultados de este 
trabajo indican que las poblaciones insulares estân genéticam ente 
diferenciadas pero pueden  recibir inm igrantes ocasionales 
provenientes del continente. Este dato viene apoyado adem âs por 
la sim ilitud  en los niveles de diversidad genética observados entre 
los dos tipos de poblaciones (islas y continente). Los resultados 
dem uestran  que, a pesar de que se hayan  dado  procesos de 
diferenciaciôn, las poblaciones insulares de especies con alta 
m ovilidad  pueden  m antenerse conectadas al continente. De este 
m odo, los program as de conservaciôn deben tener en cuenta la 
existencia de esas conexiones y gestionar las islas como unidades 
in tegradas dentro de redes intra-especificas in terdependientes.
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Abstract
Aim Genetically differentiated insular popu la tions are cand idates 
for independen t units for conservation. H ow ever, occasional 
im m igration to reduced  island populations m ay occur an d  
potentially have im portan t consequences in  their fu tu re  v iability  
and evolutionary potential. In this s tudy  w e investigate the  
conservation im plications of popu la tion  structu re  an d  
connectivity of insular and  continental populations of a m igrato ry  
rap to r as determ ined  using genetic tools and  satellite tracking. 
Location W estern E uropean populations in  the Iberian Peninsula  
and tw o insular populations in the M editerranean  Sea (Balearic 
Islands) and  A tlantic Ocean (Canary Islands).
Methods We genotyped 22 m icrosatellite loci in 96 Egyptian 
vu ltu res {Neophron percnopterus) from  the Iberian Peninsula, 36 
from  M enorca (Balearic archipelago) and  242 (85% of the cu rren t 
population) from  F uerteventura (Canary Islands). W e analyzed 
genetic variation to estim ate structure, gene flow, genetic 
diversity, effective size and  recent de
m ographic history of the populations. A dditionally , n ineteen 
vultures w ere m arked w ith  satellite transm itters to track their 
m igration routes.
Results Insular populations w ere genetically differentiated from  
the m ain land 's. We detected im m igration  in the insu lar 
populations and  w ith in  the continental counterpart. We found  
sim ilar levels of genetic variability betw een the continent and  the 
islands, and  a bottleneck analysis indicated  recent sharp  
popula tion  declines in both  archipelagos bu t no t on the continent. 
Main conclusions O ur study  provides evidence that, in  spite of 
significant differentiation, insular populations of highly m obile 
species m ay rem ain  connected w ith  the m ainland. C onservation 
program s should  take into account popu la tion  connectivity and 
in tegrate differentiated units of m anagem ent w ithin  complex 
units of conservation that can best m ain tain  processes and 
potential for evolutionary change.
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Introduction
U nderstanding popu la tion  structure and  connectivity is 
crucial for determ ining units of m anagem ent for w ildlife 
conservation program s (Moritz, 1994; Saccheri et al, 1998; 
Segelbacher & Storch, 2002; Schtickzelle et ah, 2005; Palsbol et ah, 
2006; A nderson et ah, 2009). U nderstanding  processes structuring  
popula tions in environm ents com prised of discrete spatial units is 
especially challenging (Haila, 1990). The theory of island 
biogeography (M acArthur & W ilson, 1967) offers a conceptual 
fram ew ork for the study  of differentiated entities. Islands are 
v iew ed  as dynam ic units w here im m igration and  extinction rates 
occur as functions of island area and isolation. Island isolation is 
th o u g h t to be subject to different spatial scales (Haila, 1990), 
w hich  implies tha t im m igration-extinction dynam ics of 
geographically isolated dem es m ay not be independen t of 
m ain land  populations, especially for species w ith  h igh dispersal 
capabilities (W hittaker & Fernandez-Palacios, 2007).
Insular populations are naturally  vulnerable to 
dem ographic, environm ental and  genetic stochastic factors 
associated w ith small populations (Pimm et ah, 1988, Frankham , 
1995). A n inevitable consequence of sm all popula tion  size is the 
loss of genetic diversity due to genetic drift. Drift m ay eventually  
resu lt in  inbreeding depression, w hich also m ay affect the long­
term  persistence of a popula tion  (e.g. M adsen et ah, 1996, Lacy, 
1997, A cevedo-W hitehouse et ah, 2003, Liberg et ah, 2005). 
Accordingly, higher extinction rates have been described in 
species endemic to islands (Frankham, 1998).
Due to the vulnerability  of island populations, their 
isolation and their phenotypic and  genotypic differentiation, 
insular dem es have been traditionally  considered as 
evolutionarily significant units and consequently independent 
un its of m anagem ent (M oritz, 1994; Palsboll et ah, 2007; W hittaker 
& Fernandez-Palacios, 2007). H ow ever, island populations of
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highly m obile species m ay receive m igran t ind iv iduals  from  the  
m ainland tha t m ay buffer the effects of genetic d rift (W estem eier 
et al., 1998, M adsen et al., 1999; Frankham , 2002; Keller et al., 2002; 
M arr et al., 2002; Vila et al., 2003; H ogg et al., 2006; O rtego et al., 
2008). The curren t s tudy  addresses the issue of connectivity  
betw een continental and  insular popu la tions by in tegrating  
genetic and  satellite tracking inform ation. These approaches are 
com plem entary and  the num ber of studies com bining them  is 
increasingly frequen t in  ecology (Bethke & Taylor, 1996; P aetkau  
et ah, 1999; Taylor et ah, 2001; M auritzen  et ah, 2002; D earborn  et 
ah, 2007; Boulet et ah, 2007). W hile genetic tools p rov ide  data  on 
genetic structure, levels of m igration  am ong geographically  
separated  populations, genetic diversity and  dem ographic  h istory  
(Schwartz et ah, 2007; H aig, 1998); such m ethods cannot fully 
identify specific m echanism s tha t m ain tain  connectivity  am ong 
groups. In this sense, satellite tracking can reliably determ ine the 
geographic location of ind iv iduals th roughou t their annual cycle 
and  thus allow  estim ation of the potential for gene flow  am ong 
locations.
In the p resen t study, w e test w hether insular populations of 
a m igratory rap to r are connected to their continental counterparts, 
even w hen they are phenotypically differentiated. We em ploy 22 
neu tra l genetic m arkers (microsatellites) and  satellite tracking data 
to determ ine the genetic structure and  m igration  of insu lar and  
continental populations. O ur study  m odel is a long-lived, highly 
philopatric, territorial (Grande, 2006) and  m igratory  scavenger, 
the Egyptian vu ltu re  {Neophron percnopterus). This m edium -sized 
(2kg) vulture inhabits d ry  areas of Europe, Asia and  Africa (Fig.l). 
It is one of the few  large rap tors able to colonize oceanic islands as 
it has done in  the A tlantic Ocean and  the M editerranean  and 
Arabic seas, although  m any of these popula tions are extinct (Levy, 
1996; Sara et ah, 2009; Gangoso et ah, 2006). Breeding birds 
m aintain  exclusive b reeding  territories b u t regularly  gather in 
large num bers at feeding sites and com m unal roosts (Cram p &
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Sim m ons, 1980, D onazar & Ceballos, 1990). Long-term  popu la tion  
stud ies have show n a low  level of natal dispersal, w ith  a m edian  
of 20 km  (range 0-150 km; being slightly h igher for females, 
G rande et ah, 2009). Exceptional dispersals of u p  to 550 km  have 
been detected  betw een som e w estern  E uropean populations 
(Elorriaga et ah, 2009). After recruitm ent into b reed ing  territories, 
E gyptian  vultures show  a low  rate of breeding dispersal (less than  
5% annually) and an average annual survival of 0.9 for adu lt 
birds. The generation tim e for the species (average ages at w hich 
fem ales give birth to offspring (Ricklefs & Miller, 2000)) has been 
estim ated  to be 13 years (Grande, 2006, G rande et ah, 2009, au thors 
unpublished).
D espite its broad d istribution  (Fig.l), it is estim ated that 
only 30000 to 40000 m ature individuals survive in  the w orld  and 
the species is considered "E ndangered" (BirdLife International, 
2008). In Europe, the Iberian Peninsula (Iberia) holds the bulk  of 
the reproductive individuals bu t there it has also declined 
precip itously  in recent decades, w ith  a decrease of up  to 70% in 
som e regions during the 80's (BirdLife International, 2008). This 
vu ltu re  has also suffered drastic declines on all islands including 
the tw o  m ain insular populations rem aining in W estern Europe: 
M enorca and  the Canary Islands. In the form er, the num ber of 
breed ing  pairs was estim ated to be 41 in  2002, a decline of 20% in 
about 10 years (De Pablo, 2002). In the C anary Islands, the 
popu la tion  has been described as a differentiated subspecies (N. p. 
majorensis) (Donazar et ah, 2002a), and w hile ab u n d an t in  the past 
(M artin, 1987) it has d isappeared  from  m ost of the islands over the 
last few  decades (Donazar et ah, 2002b, Palacios, 2004). A t present, 
the species is found m ostly on Fuerteventura (the southeastern- 
m ost island) w here it has been intensively m onitored  over the last 
tw elve years (mean of 30 breeding te rrito ries/year, SD=6.4). 
Between tw o and four breeding  pairs w ere observed every year 
on the  closest island (Lanzarote). The popu la tion  size for the
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C anary archipelago w as estim ated  at about 200 b irds in  2009 
(authors' unpub lished  data).
W e address w hether; i) w estern  Palearctic popu la tions of 
this species are connected, both  w ith in  the continent and  w ith  
respect to the insular locations, ii) the levels of genetic d iversity  
and effective popu la tion  sizes are low er in insular than  m ain land  
populations, and  iii) the drastic declines in recent decades of all 
populations have resulted  in popu la tion  bottlenecks.
Methods
Sample collection
This study  w as based  on sam ples from  Iberia, M enorca 
(Balearic Islands) and  F uerteven tu ra  (Canary Islands) (Fig. 1). 
W ithin Iberia w e considered  three different populations, 
previously  described by C arrete et aL, (2009); N orthern , w ith  tw o 
subpopulations (N avarre and  Aragon), Central (Segovia) and  
Southern (Cadiz). Birds w ere captured , ringed and  sam pled 
betw een 1995 and  2000 in the Iberian Peninsula (Navarre; n=40, 
A ragon; n=19, Cadiz; n=22, Segovia; n=15), betw een 1998 and  
2007 in  Fuerteventura (n=242) and from  1998 to 2002 in  M enorca 
(n=36). Fledglings w ere cap tu red  in their nests and  adu lt and  
im m ature birds w ere cap tu red  w ith  cannon nets at supplem entary  
feeding sites. Birds w ere aged by plum age (Cramp & Simmons, 
1980).
Genetic analysis
D N A  extractions w ere perform ed using a standard  phenol- 
chloroform  extraction (Sambrook et ah, 1989). Bird's sex w as 
determ ined  by polym erase chain reaction (PCR) w ith  prim ers 
2550F and  2718R (Fridolfsson & Ellegren, 1999) on DNA extracts 
from  blood samples. All ind iv iduals w ere genotyped using  five
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non-specific (Gautschi et aL, 2000) p lu s 17 species-specific 
m icrosatellite loci (A gudo et aL, 2008). All popu la tion  analyses 
w ere carried out w ith  a sub-sam ple of ind iv iduals from  
Fuerteventura (N=45) to avoid bias d u e  to differences in  sam ple 
size. D eviations from  H ardy-W einberg and  linkage equilibrium  
w ere tested using GENEPOP 3.4 (Raym ond & Rousset, 1995) 
follow ed by sequential Bonferroni correction for m ultip le 
com parisons (Rice, 1989).
Population structure
Population structure w as m easured  using  tw o approaches. 
First, pair-w ise population  differentiation based on Fst (W eir & 
Cockerham , 1984, significance tested by 10000 perm utations) and  
a factorial correspondence analysis (FCA) calculated using  
GENETIX 4.03 (Belkhir et aL, 2004). Second, w e em ployed the 
Bayesian m ethod of P ritchard et aL, (2000) and  Falush et aL, (2003) 
im plem ented in s t r u c t u r e  (version 2 .1 )  to cluster ind iv iduals into 
respective subpopulations and  reveal pa tterns of gene flow across 
populations. This program  em ploys a Bayesian clustering to 
identify the m ost likely num ber of popu la tions (K) that are in 
H ardy-W einberg and  linkage equilibrium  assum ing no a priori 
structure.
The first step in the analysis involved estim ating the 
num ber of subpopulations (K). For that, w e first investigated  the 
m ost likely K considering all sam pled popu la tions runn ing  five 
independen t sim ulations of K=l-7. Then, w e ran  another five 
independen t sim ulations excluding the insular ind iv iduals {K=l-5) 
in order to infer cryptic popula tion  structure w ith in  the m ainland. 
All sim ulations w ere ru n  under s tan d ard  param eters in  the 
adm ixture m odel w ith  the option of correlated  allele frequencies 
at 30000 iterations of burn-in, follow ed by 100000 iterations. In 
both  cases the m ost likely value of K w as chosen using the  AK
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statistic, based on the rate of change betw een successive K values, 
as recom m ended by Evanno et aL, (2005).
The second step of the analysis involved assigning 
individuals to each of the sam pled subpopulations. The clustering 
approach used  in STRUCTURE w hen investigating popu la tion  
structure can be incorporated  w hen  attem pting  to determ ine 
w hich indiv iduals are not residents of their sam pled population . 
W hen the "usepopinfo" option of STRUCTURE is em ployed, the 
program  assum es an initially h igh probability tha t each ind iv idual 
is a resident of its sam pling locality. U sing prior popu la tion  
inform ation allows the program  to calculate posterior 
probabilities that ind iv iduals belong to their sam pled 
locality/  cluster. To infer m igrants to the insular populations, w e 
first ran  the program  w ith  all C anary Island (n=242) and all 
Iberian individuals as one population. Then, to detect m igration  
am ong the continental dem es, w e ran  the p rogram  w ith  only the 
Iberian birds. For the analyses w ith in  Iberia, and given that 
A ragon and Segovia d id  not show  a significant differentiation 
based on the Fst values, w e grouped  these tw o locations in a 
single cluster. We defined indiv iduals w ith  ^y-values from  0.8 to 
0.2 as potentially adm ixed (Bergl & Vigilant, 2007; Lecis et aL, 
2006; Vaha & Prim m er, 2006). Burn-in and ru n  length w ere the 
sam e as for runs w ithou t a priori population  inform ation.
Finally, to estim ate m igrants in STRUCTURE we perform ed an 
exclusion test im plem ented in CENECLASS 2.0 (Paetkau et aL, 2004; 
Piry et aL, 2004). A gain w e perform ed the analyses clustering the 
indiv iduals from  A ragon and  Segovia. W e selected the 'detect 
m igrants ' function explicitly designed to identify first generation 
m igrants, i.e. individuals born in a popula tion  other than  the one 
in  w hich they w ere sam pled. This p rogram  uses likelihood-based 
statistics, in com bination w ith  resam pling m ethods, to calculate 
probabilities tha t indiv iduals are first generation m igrants. We 
used  tw o different likelihood-based test statistics to identify 
m igran t individuals. Lh, the likelihood of finding a given
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ind iv idual in  the popula tion  in  w hich it w as sam pled, is the m ost 
app rop ria te  statistic to use w hen  all potential source populations 
have no t been sam pled (Paetkau et aL, 2004; Piry et aL, 2004). 
H ow ever, Lh lacks pow er w hen  com pared to other estim ators and  
th u s  we also used  L h/L m ax, the ratio of Lh to the greatest 
likelihood am ong all sam pled populations (Paetkau et aL, 2004), 
w hich  has greater pow er. W e em ployed the Bayesian criterion of 
Rannala & M ountain  (1997) in com bination w ith  the resam pling 
m ethod  of Paetkau et aL, (2004) to determ ine the critical value of 
the test statistic (Lh or L h/L m ax) beyond w hich individuals w ere 
assum ed to be m igrants. We selected an alpha level of 0.01 to 
determ ine critical values (Paetkau et aL, 2004).
In addition, to test if the rate of gene flow w ith in  the m ainland 
popu la tions w as influenced by geographic distance, we related 
genetic and  geographic distances am ong the four locations 
(N avarre, Aragon, Segovia and  Cadiz). We determ ined the 
geographical UTM coordinates of the approxim ate d istribution 
m idpoin ts for each of the sam pled populations and w e then 
calculated pair-w ise Euclidean distances betw een sites. A M antel 
test w ith 10000 random  perm utations to test significance w as 
perform ed betw een the m atrix of pairw ise genetic differentiation 
betw een populations (F st/(1  -  Fst), Rousset, 1997), and the m atrix 
of the geographic distance. The analyses w ere perform ed w ith  
IBDWS (Jensen et aL, 2005),
Genetic d iversity , bottleneck analysis and effective population  
size  estim ates
The genetic diversity  of populations w as estim ated using 
GENALEX version  6 (Peakall & Smouse, 2005) and differences 
am ong popu la tions w ere com pared using  W ilcoxon sign-rank 
tests. In o rd er to detect recent population  declines w e used 
BOTTLENECK (C ournet & Luikart, 1996). This m ethod tests for a 
heterozygosity  excess relative to the num ber of alleles. It is based
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on the theoretical expectation tha t in bottlenecked populations the 
num ber of alleles is lost m ore rapidly  than  heterozygosity  
decreases. W e used the tw o-phase m utation  m odel (TPM) 
allow ing the default 30% m ulti-step m utation  events, as 
recom m ended by the authors of this softw are in the case of 
m icrosatellite data. Effective population  sizes w ere calculated by 
the linkage disequilibrium  m ethod using N eESTIMATOR (Peel et ah, 
2004).
Satellite  tracking
To test w hether seasonal m igratory m ovem ents favour the 
arrival of indiv iduals to the islands, n ineteen Iberian Egyptian 
vu ltu res w ere equipped  w ith  Platform  term inal transm itters (PTT) 
from  2002 to 2004. Eight of these birds w ere fledglings cap tu red  a t 
nests in  Cadiz, w hile four im m ature ind iv iduals of one-, tw o- and  
three-years-old and one fledgling w ere capture at supp lem entary  
feeding sites in central Iberia (C iudad Real). The rem ainder of 
b irds (one fledgling, four adults and  tw o im m ature birds one- 
year-old) w ere cap tured  at supplem entary  feeding sites in 
no rthern  Iberian (Basque C ountry, N avarre and  Aragon). Three 
ind iv iduals w ere not sexed and  there w ere tw elve fem ales and  
four males.
W e used PTTs of two different types: 12 battery  pow ered  
(PTTIOO, w eight 45 g from  M icrowave Telem etry Inc., USA) and 
five 40-42 g solar PTTs (N orth Star Science and  Technology). They 
w ere set to an  8-h on /120-h  off du ty  cycle. The full transm itter 
equ ipm ent never exceeded 3% of the m ean body m ass of full- 
g row n Iberian birds (1965 g, D onazar et ah, 2002a). Locations w ere 
determ ined  by m eans of the A rgos satellite system  
(h t tp : / /w w w .arg o sin c .co m /). Argos provides up  to seven classes 
of locations w ith  different degrees of accuracy. We conservatively 
used  only those locations assigned to classes 1, 2 and 3, i.e. w ith 
accuracy < 1000 m  (see e.g. C adahia et aL, 2005). We obtained a
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total of 2356 locations w ith  this precision. To visualize locations 
w e em ployed ARCVIEW 3.2 (Hooge & Eichenlaub, 1997), and  as a 
cartographic base w e used  Esri D ata and  M aps-Digital C hart of 
the W orld (h ttp ://w w w .m a p ro o m .p su .e d u /d c w ). Global Land 
Cover 2000 (Hh ttp :/ /w w w g v m H . jrc .it/g lc2000/), G topo 
(h ttp ://e d c .u sg s .g o v /p ro d u c ts /e le v a tio n /g to p o 3 0 /gtopo30.htm l 
), and  O rthorectified Lansat Enhaced Them atic M apper 
(h ttp s : / /  zu lu .ssc .nasa .gov /m rsid /) .
Results
Tests o f linkage disequilibrium and null alleles
Significant deviations from  H ardy-W einberg equilibrium  in 
the form  of heterozygote deficits w ere p resent in loci Np238 and 
Np244 in all populations. These deficiencies w ere m ost likely due 
to non-am plifying alleles ("null alleles") at both m arkers and  thus 
they w ere excluded from  further analyses. Exact tests for 
genotypic linkage disequilibrium  (LD) confirm ed the absence of 
physical linkage at m ost loci. H ow ever, some pairs of loci for a 
lim ited num ber of populations appeared  to have significant LD 
(np93 and n p l4 0  in  N avarre and  np244 and  bv9 in M enorca; 
p<0.05 after Bonferroni correction). Because no significant LD for 
these pairs of loci w as detected elsew here, w e concluded that 
these loci can be treated  as independen t m arkers.
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F ig  1 D is tr ib u tio n  a re a  of th e  sp ec ies  in  th e  Ib e r ia n  P e n in su la  ( in d ic a te d  
b y  b lack  sp o ts  th a t  r e p re s e n t o c c u p ie d  te rr ito r ie s  in  2000 (D el M o ra l 
2009)) a n d  sa m p lin g  lo c a tio n s  fo r th is  s tu d y  (w h ite  sp o ts). T h e  m a p  in  
th e  u p p e r  le f t-h a n d  c o rn e r  re p re s e n ts  th e  g lo b a l sp ec ie s ' d is tr ib u tio n . 
T he o r th o g ra p h ic  m a p  p ro je c tio n  w a s  em p lo y ed .
P opu la tion  differentiation
G enetic d ifferen tia tion  across all p o p u la tio n s  m easu red  as F s t  
ind ica ted  th a t island  p o p u la tio n s  are clearly d ifferen tia ted  from  
those on the m ain land . All pa irw ise  F s t  values w ere  sign ifican t 
except betw een  the p o p u la tio n s  from  Segovia and  A ragon , an d  
the h ighest genetic d istance w as fou n d  betw een  the tw o  is land  
p o p u la tio n s  (Table 1). The factorial co rrespondence  analysis 
(FCA) w as consisten t w ith  these resu lts  an d  show ed  th e  p resence 
of one b ird  from  F u ertev en tu ra  w ith  a geno type com patib le  w ith  
con tinen ta l ind iv id u a ls  (Fig. 2).
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Calculation of AK from  the STRUCTURE o u tp u t p roduced  a 
m odal value of the statistic at K=3 (Fig. 3 and  4). The height of the 
m odal values of AK indicates the streng th  of the population  
subdivision signal (Evanno et ah, 2005), suggesting deep 
subdivision at K=3. H ow ever, exam ination of Ln P(X | K) values 
from  the program  suggested a level of subdivision at K=4 
indicating a partial structure w ith in  the continental populations 
(Fig. 4). In fact, w hen excluding the insu lar populations in the 
STRUCTURE analysis the AK  statistic suggested a population  
subdivision at K=2 (northern p lus central and southern) (Figs. 3 
and  4).
All runs at K=3 produced  identical clustering solutions w ith  
sim ilar values of cluster m em bership q for all indiv iduals w ithin  
localities. A lm ost all indiv iduals from  the islands w ere assigned to 
their respective geographic populations w ith  q>0.S5, and  vultures 
from  the Iberian Peninsula w ere assigned to a single cluster w ith  
£J>0.84 (Table 2). Results for K=4 clustered m ost of the southern  
Iberian individuals (from Cadiz) into a distinct cluster w ith  a h igh 
probability  (^^=0.8).
Table 1 P airw ise  F s t  v alu es b e tw e en  p o p u la tio n s  (CAD; C adiz, ARA; 
A rag o n , NAV: N avarre , SEC: Segovia, M EN: M enorca an d  FV: 
F u e rtev e n tu ra ) .
C A D A R A N A V SEG  M E N  FV
C A D -
A RA 0.025* -
N A V 0.03** 0.016* -
SEG 0.017* 0.011 0.028* -
M E N 0.095** 0.078** 0.085** 0.079**
FV 0.114** 0.103** 0.104** 0.11** 0.144**
^p<0.05 **p<0.01
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Fig 2 Scatter p lo t of the factorial correspondence analysis based  on 
the allele frequencies of 22 microsatellite loci. The tw o insu lar and 
four continental populations are indicated. Suggested Iberian 
m igrants found  in Fuerteventura (based on the analysis in 
STRUCTURE and  GENECLASS) are m arked w ith  a circle.
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N um ber of clusters (K)
F ig  3 R ate of ch an g e  in  lo g -lik e lih o o d  v a lu e s  (d e lta  (K)) fo r e s tim a te d  
n u m b e r  of p o p u la tio n s  (E v an n o  et aL, 2005).T he m a x im u m  d e lta  (K) 
in d ic a te s  th e  m o s t like ly  n u m b e r  of c lu ste rs: w ith in  th e  Ib e rian  
P e n in su la  (ex c lu d in g  th e  in su la r  d em es , d a s h e d  line) a n d  fo r all 
p o p u la tio n s  (so lid  line)
100%
4 0 %
4 0 %
Fuertei/entura N avaiiTe Cadis Aragon Seg. Menorca
F ig  4  C lu s te r in g  an a ly s is  in  STRUCTURE, w ith o u t p r io r  p o p u la tio n  
in fo rm a tio n , b a sed  o n  sa m p le  lo c a tio n  a n d  fro m  K -3  (above) a n d  K=4 
(below ). E ach  in d iv id u a l is re p re s e n te d  as a co lo u r b a r, w h e re  th e  
a m o u n t o f e a ch  co lo u r  in d ic a te s  th e  p ro p o r tio n  of each  in fe rre d  c lu ste r. 
G eo g ra p h ic  p o p u la tio n s  of o r ig in  a re  in d ic a ted .
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D etection o f migrants
The procedures for the detection of m igrants in both  
STRUCTURE and GENECLASS produced very sim ilar results (Table 3). 
U sing previously  determ ined STRUCTURE clusters as prior 
popula tion  inform ation, to infer m igrants to the islands (K=3), 
STRUCTURE identified tw o individuals (06P and  035; probability  of 
m em bership to Iberia: q=0.96 and 0.823, respectively) as potential 
m igrants, and  one ind iv idual (0R6; (^=0.48) of m igrant ancestry in 
the popula tion  from  Fuerteventura. GENECLASS also identified one 
ind iv idual sam pled in M enorca (539) that w as assigned to its 
geographic origin w ith  very low probability  (p=0.001) (Table 3). 
This m igrant w as identified w ith Lh w hich suggests that this b ird  
represents a m igrant from  an unsam pled area. To corroborate this 
finding we perform ed an  exclusion test in GENECLASS including 
the ind iv idual from  M enorca (539) in the tw o other populations: 
Iberia and  Fuerteventura. We obtained very low assignm ent 
probabilities for all localities (Fuerteventura p<0.001; Iberia p=0.02 
and  M enorca p=0.001) w hich provided additional evidence that 
this ind iv idual belonged to an unsam pled source.
W hen using geographical sam pling localities (excluding the 
islands and  grouping  A ragon and Segovia) w e detected in total 
(using S t r u c t u r e  and GFNFCLASS) six potential m igrants (Table 
3). H ow ever, only one individual captured in the southern  
location (IM F) w as significantly identified as m igrant by the tw o 
m ethods. The rem ainders of the suggested m igrant birds by 
GENECLASS w ere not readily classified as m igrants by STRUCTURE, 
bu t not clearly assigned as residents either, suggesting tha t they 
w ere the products of adm ixture betw een localities.
86
C h a p t e r  2 | Neutral Genetic Variation and Population Structure
Table 2 A verage  p ro p o rtio n  of m e m b ersh ip  in  c lu s te rin g  ana lysis  of 
STRUCUTURE, w ith o u t th e  p o p u la tio n  in fo rm atio n , b ased  o n  sam p le  
location  for K=3 a n d  K=4. P o p u la tio n s  are: CAD: C ad iz , ARA: A ragon , 
N A V : N av arre , SEG: Segovia, M EN: M enorca  a n d  FV: F u ertev en tu ra .
k=3
q l q l q3
CAD 0.048 0.93 0.023
ARA 0.028 0.907 0.065
N A V 0.023 0.843 0.134
SEG 0.041 0.895 0.064
M EN 0.016 0.028 0.956
FV 0.914 0.063 0.023
k=4
^2 q3 q4
CA D 0.802 0.019 0.032 0.147
ARA 0.315 0.051 0.024 0.61
N A V 0.303 0.111 0.02 0.567
SEG 0.269 0.054 0.025 0.651
M EN 0.028 0.933 0.015 0.024
FV 0.058 0.021 0.897 0,025
Isolation  by distance w ith in  Iberia
The M antel test betw een geographic and  genetic distances 
w ith in  Iberian subpopulations show ed no significant results (Z =- 
25.97, r = 0.39, one-sided p = 0.35 from  1000 random izations) 
indicating tha t the gene flow observed w as not lim ited by the 
geographic distance betw een Iberian locations.
Genetic d iversity  and inbreeding
Values of genetic diversity  are sum m arized  in Table 4. A total 
of 130 alleles w as detected in the 6 populations. A verage num ber
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of alleles ranged from  3.9 to 5 (Fuerteventura an d  N avarre, 
respectively) and  m ean allele richness ranged  from  2.42 to 3.09 
(Fuerteventura and A ragon, respectively). The com parison of 
genetic diversity am ong the previously described subpopulations 
(see above) indicated tha t the northern-central Iberian 
subpopulation  had  a significantly (p<0.01) higher average num ber 
of alleles (Na=5.7) than  the sou thern  one (Na=4.7, p=0.01, Z=2.55) 
and  the tw o insular dem es, for w hich we found  the low est values 
(3.9 and 4.0 for Fuerteventura and M enorca respectively, p=0.001, 
Z=3.25 in both cases). Subsequently, the num ber of alleles w as 
significantly higher in the southern  location than  in  the islands 
(Fuerteventura, p=0.03, Z=2.17 and M enorca, p=0.01, Z=2.43). 
M ean allele richness w as only significantly different betw een the 
northern-central subpopulation  (Ne=2.99) and  Fuerteventura 
(Ne=2.4) (p=0.03, Z=2.13). Values of expected heterozygosities 
(He) w ere also significantly higher in the Iberian locations (both 
northern-central (He=0.56) and southern  (H e=0.55) com pared to 
Fuerteventura (He=0.47) (p=0.01, Z=2.35 and p=0.04, Z=1.97, 
respectively) w hile no significant differences w ere found  betw een 
the two insular demes. Population  inbreeding coefficients (Fis) 
w ere positive in the populations from  Cadiz, Segovia and 
Fuerteventura and  negative in the rest, bu t none of them  was 
significantly different from  zero (1000 perm utations) (Table 4).
Bottleneck analyses and effective population  sizes (Ne)
The observed proportion  of heterozygotes w as significantly 
different than  expected u n d er m utation-drift equilibrium  in the 
tw o insular populations analyzed (one tail for H  excess: FV, 
p-0.017; MEN, p=0.005), w hich  indicated tha t they have suffered a 
recent bottleneck. We detected partially  significant signs of recent 
population  declines in northern  locations and no signs of 
bottleneck in  the central and  southern  locations (one tail for H
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excess: NAV, p=0.071; ARA, p=0.065; CAD, p=0.274 and  SEG, 
p=0.153).
The estim ations of the effective popula tion  sizes w ere 38.8 
(95% Cl 36.1-41.7) for Fuerteventura, w hich closely m atched the 
cu rren t num ber of successfully breeding  b irds (m ean num ber of 
b reed ing  pairs during  the last 8 years=35), and 34.7 (95% Cl 28.9- 
42.6) for M enorca.
For the Iberian populations, estim ations w ere carried out 
according to the observed popu la tion  structure (see below): 
no rthern  and central locations together Ne=128.0 (95% Cl 79.4- 
120.3) and the southern location Ne=45.5 (95% Cl 33.7-67.1).
Table 3 R esults of m ig ran t d e tec tio n  analysis. In d iv id u a ls  sign ifican tly  
id en tif ied  as po ten tia l m ig ran ts  by a t least one  of the  tw o  ap p ro ach es  
(im p lem en ted  in  STRUCTURE an d  GENECLASS) are show n. A sterisks 
in d ica te  in d iv id u a ls  sign ifican tly  su g g e s ted  as m ig ran ts  by  STRUCTURE. 
P o p u la tio n s  are: IBE: all Iberian  p o p u la tio n s  g ro u p e d  as a sing le  c luster, 
FV: F u ertev en tu ra , MEN: M enorca, N A V = N av arre , CAD: C ad iz  an d  
ARA+SEG: A rag o n  an d  Segovia g ro u p e d  as a single p o p u la tio n  (based  
o n  Fst statistics).
ID
(ring)
Ori­
g in
Structure 
(w ith pop. inform ation)
m igrants 
Fo (-log  
(Lhome)
GENECLASS 
Prob. pop. 
origin  
LV(LVLm ax)
assign ed  
p op ulation  
{-log (L))
06P FV
K=3 (IBE 1 FV 1 MEN) 
0.956 1 0.00 1 0.00* 27.04 0.00/0 .00 ARA (19.29)
035 FV 0.823 1 0.00 1 0.00* 19.39 0.017/0.018 ARA (19.35)
ÜR6 FV 0.479 1 0.474 | 0.00* 17.74 0.037/0.028 CAD (17.37)
539 M EN 0.00 10.00 10.724 21.59 0.001/0.05 M EN (21.59)
4F9 N A V
K=3 (NAV 1 CAD | ARA+SEG) 
0.505 [0.211 10.091 20.76 0.017/0.001 CAD (16.71)
IML CAD 0.015 1 0.203 1 0.706* 23.26 0.002/0.00 ARA (15.86)
267 SEG 0.00110.115 [0.710 23.33 0.004/0.004 CAD (19.85)
258 ARA 0.002 10.32210.520 29.09 0.14/0.001 CAD (14.53)
316 ARA 0.076 [0.00 [0.767 21.17 0.03/0.001 N A V  (16.55)
323 ARA 0.00110.01910.871 19.97 0.04/0.004 CAD (16.75)
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Table 4 Genetic diversity as: mean number of alleles (Na), mean allelic 
richness (AR), number of private alleles (Np), observed and expected 
heterozygosities (Ho, He), and inbreeding coefficient (Fis) of Egyptian 
vulture populations (CAD: Cadiz, ARA: Aragon, NAV: Navarre, SEG: 
Segovia, MEN: Menorca and FV: Fuerteventura).
Pop. N
M ean
N a
M ean
A R Np Ho  (SO) He  (SD) Fis (95% Cl)
CAD 22 4.7 2,69 8 0.55 (0.23) 0.55 (0.20) 0.022 (-0.07 to 0.03)
ARA 19 4.8 3.08 4 0.60 (0.27) 0.57 (0.24) -0.013 (-0.011 to 0.02)
N A V 40 5.0 2.95 4 0.55 (0.24) 0.55 (0.23) -0.004 (-0.07 to 0.02)
SEG 15 4.3 2.64 3 0.53 (0.23) 0.54 (0.22) 0.03 (-0.08 to 0.07)
MEN 36 4.0 2.59 2 0.53 (0.27) 0.53 (0.24) -0.024 (-0.09 to 0.02)
FV 45 3.9 2.42 3 0.47 (0.27) 0.48 (0.24) -0.007 (-0.07 to 0.03)
Satellite  tracking
Inform ation obtained from  the PTTs indicated  that Egyptian 
vu ltu res flew  over the Sahara D esert to spend  the w inter in the 
w estern  p a rt of the biogeographic zone know n as the Sahel in 
sou thern  M auritania. Birds of different age, sex and  location of 
origin follow ed sim ilar m igration routes and  w in tered  in the same 
area (Fig. 5). In general, au tum n  m ovem ents started  at the end of 
A ugust and  birds crossed the Sahara D esert m ore or less in a 
straight line from  southern  Spain to the sou th  of M auritania (Fig, 
5). We could only record spring m igratory  m ovem ents to the 
Iberian Peninsula in six cases, betw een the end  of February to the 
end of May. All birds re tu rn ed  to the localities w here they w ere 
captured. W hereas four birds followed sim ilar routes to those in 
au tum n, in  two cases the vu ltu res re tu rned  along the coast of 
W est Africa (Fig. 6). N one of these birds reached the islands. We 
d id  no t detect m ovem ents of individuals to the eastern Iberian 
coast or the Balearics.
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Fig 5 Migratory routes of 19 Egyptian vultures tracked with global 
positioning system satellite telemetry from the Iberian Peninsula to 
Africa during (a) autumn and (b) spring migration. The Mollewide map 
projection was applied.
Discussion
C onnectivity between insular and continental populations
W e dem onstrate tha t isolated and  differentiated insular 
populations of highly m obile species can be connected w ith  the 
continent by occasionally receiving im m igrants. The genetic, 
m orphologic and  ecological differentiation indicate lim ited gene 
flow  to the Egyptian vultures of the C anary Islands,
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dem onstra ting  that insular b irds have diverged from  the 
E uropean source population  and  adap ted  to the new  island 
environm ent, giving rise to the present d ifferentiated subspecies 
(A gudo R. et al., in press; D onazar et al., 2002a). O n the o ther hand , 
the genetic and  satellite data suggest the existence of a certain 
degree of connectivity betw een the Canary Islands and  Iberia tha t 
has no t m asked the observed differentiation. W e found  tw o 
Iberian im m igrants (birds 06P and  035, Table 3) and  one b ird  of 
m ixed ancestry (bird 0R6, Table 3) on Fuerteventura. Even though  
a correction for m ultiple tests should  have ideally been applied  to 
avoid type I errors, the observed convergence in  the results 
betw een the two approaches confirm s our findings and  suggests 
that, a lthough  rare, adm ixture can occur. This finding 
substantiates the fact that, like m any other trans-Saharan 
E uropean species (M artin & Lorenzo, 2001), Egyptian vultures 
occasionally reach the archipelago.
The m igration  routes obtained by the satellite tracking 
inform ation agree w ith  previously reported  observations in o ther 
Iberian and  French indiv iduals of this species (M eyburg et al., 
2004; Garcia-Ripollés et al, 2010). All vu ltures from  W estern 
Europe follow sim ilar routes across M orocco and M auritania to 
overw inter in the Sahel region of Senegal, M auritania and Mali. 
Spring m igration routes often follow the W est A frican coast and  
pass close to the C anary archipelago, 95 km  aw ay, w hich is 
crossable distance by the species (Cram p & Sim m ons, 1980, and  
see Garcia-Ripollés et al, 2010). This finding suggests that the 
E uropean Egyptian vu ltu res can easily reach the islands, as it is 
undoub ted ly  evidenced by our genetic inform ation. In fact, o ther 
m ore ab u n d an t m igratory species that follow  sim ilar routes are 
regularly  observed in  the archipelago (M artin & Lorenzo, 2001).
A lthough our inform ation is sparse, a sim ilar scenario m ay 
also occur in  the Balearic Islands. O ur results suggest that gene 
flow m ay be lim ited betw een the Balearics and  Iberia but, on the 
other hand , they do indicate the presence of a potential m igrant
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(bird 539, Table 3) from  an  unsam pled  population. These are no t 
com pletely unexpected results. These islands are relatively close 
to the continent and m any m igratory  birds, including large birds 
of prey, regularly  reach the archipelago (GOB 2004; Bannerm an & 
B annerm an, 1983). We w ould  expect then  tha t the arrival to the 
Balearics is favoured by m igration. Even though  the suggested 
im m igrant has not been assigned to any of the sam pled Iberian 
locations, w e can not exclude the possibility that it comes from  an 
unsam pled  area in Iberia or from  another European population
(Fig-1)-
W ithin-m ainland population structure
O bserved pair-w ise fixation indexes w ith in  Iberia contrast 
w ith  the values previously reported  by K retzm an et al., (2003). In 
tha t s tudy  the authors did  not detect a significant differentiation 
w ith in  the Iberian locations. A lthough their study p rov ided  a 
baseline for genetically characterising Egyptian vu ltu re  
populations, it was perform ed w ith  a low  num ber of 
heterospecific microsatellite loci and  sm all sam ple sizes. The use 
of a larger set of specific m arkers, larger sam ple sizes and  the 
Bayesian approach have allow ed us to obtain a m ore accurate 
characterization of the structure  w ith in  Iberia. Pair-w ise 
com parison fixation indexes, PGA and Bayesian analyses indicate 
the existence of a population  subdivision w ithin  Iberia and 
suggest the southern dem e (Cadiz) as a genetically differentiated 
entity  (Fig. 2 and 4). This location is the m ost geographically 
isolated of the studied populations bu t IBD analysis revealed that 
its genetic differentiation cannot be explained by isolation. 
Instead, our results seem to su p p o rt the recent fragm entation of a 
form erly continuous distribution  of a large, panm ictic population  
(Carrete et al., 2007). All Iberian populations have experienced 
drastic declines since the 80's, decreasing as m uch as 70% in some 
regions (BirdLife International, 2008). These declines are
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associated w ith  the high m ortality of adults caused by poisoning, 
collisions w ith  w ind  pow er turbines and  electric lines and  
electrocution, and the loss of suitable habitats and food scarcity due 
to hum an disturbance (BirdLife International, 2008). Preventive 
m easures should  thus be taken to stop the curren t decline, w ith  
special atten tion  to the southern  subpopulation , and  to facilitate 
the conservation of populations in Iberia, the m ain  hom eland of 
the European birds.
Genetic d iversity
The genetic diversity reported  in this s tudy  com plem ents 
results previously  obtained for this species using  seven non­
specific m icrosatellite loci and  conventional popu la tion  genetics 
m ethods (Kretzm an et ah, 2003). Specifically, K retzm an et ah, 
described m ore sim ilar levels of Ho in M enorca (0.47) and  Iberia 
(0.37) than w ith  respect to Fuerteventura w here genetic diversity 
w as low er (Hq=0.31).
O ur results of genetic variability are also com parable to those 
recently described in other long-lived vu ltu re  species (values of 
Ho based on m icrosatellites in four other species from  Europe and  
the M iddle East ranged  from  0.47 to 0.67; G ouar et ah, 2008; 
A rshad et ah, 2009).
Despite the progressive decline of the species in its w estern  
distribution, our results do not seem  to indicate alarm ingly low 
levels of gene diversity. H ow ever, w ith  respect to the insular 
groups, it is w orth  highlighting the sim ilarities observed. The ratio 
of heterozygosity betw een insular and m ain land  populations 
(H is/ H m) w as 0.85  for b irds from  F uerteventura and  0.95 for 
M enorca. W hile the first value is sim ilar to the ratio found by 
Frankham  (1997) in  27  different avian species (0.79), the ratio for 
M enorca is considerably higher. Accordingly, w e d id  no t detect 
differences in  genetic diversity betw een M enorca and the 
m ainland subpopulations. These sim ilarities contrast w ith
94
C h a p t e r  2 | N eutral Genetic Variation and Population Structure
prev ious studies (see Frankham , 1997 for a review) and  m ay be 
partia lly  caused by the existence of gene flow to the insular 
dem es.
The p resen t popu la tion  declines and the subsequent reduction 
in  the rate of gene flow m ay have serious consequences on the 
fu tu re  genetic health  and  survival of these threatened  insular 
popu la tions, w hich also have very low effective popu la tion  sizes 
(<50) and  are already drastically reduced. In the case of the 
ind iv iduals  from  the C anary Islands, the detected bottleneck 
w o u ld  correspond to the well docum ented  strong decline that 
occurred over the last few decades. It w as caused by the h igh level 
of u n n a tu ra l adu lt m ortality  related to hum an  activity including 
poisoning, lead intoxication and  electrocution (Donazar et al, 
2002b, G angoso et al, 2009). To the contrary, the Balearic 
pop u la tio n  is considered to be well preserved, being the densest 
of the  Spanish groups (1 breeding p a i r /6.7 km^) (Del Moral, 2009). 
H ow ever, our genetic results indicate tha t a sharp  decline has 
affected this dem e as well, that the past Balearic population  w as 
m uch  larger and probably occupied not only M enorca bu t also 
o ther islands of the archipelago (Bannerm an & Bannerm an, 1983). 
This suggestion  is supported  by observations of b irds breeding on 
the is land  of M allorca (Adrover, 2005).
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An adult Egyptian vulture is trying to break an ostrich egg using a 
stone; a very characteristic and unique behaviour of this species
Un Alimoche adulto intenta romper un huevo de avestruz empleando 
una piedra; un comportamiento caracteristico y  unico de esta especie.
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Variaciôn en el MHC en dos poblaciones insulates de Alimoche 
{Neophron percnopterus): inferencias acerca de los roles de la 
dériva génica y la selecciôn
Resumen
Los trabajos enfocados a la genética de la conservaciôn de 
las poblaciones am enazadas han  em pleado tradicionalm ente 
m arcadores neutrales. Sin em bargo, es el estudio de los genes 
funcionales el que nos puede  aportar una inform aciôn m as précisa 
acerca de la d istribuciôn  de la variaciôn genética adap tativa y de 
los posibles efectos negativos relacionados con la pérd ida  de 
d iversidad  genética. Por otro lado,. el estudio  com parativo de la 
d istribuciôn de la variab ilidad  genética entre genes neutrales y 
funcionales, asi com o entre poblaciones sujetas a diferentes 
presiones selectivas, puede  ayudarnos a esclarecer cuâl es el papel 
de cada una de las d istin tas fuerzas evolutivas a la hora de dibujar 
el perfil genético de las poblaciones. Este es uno de los principales 
objetivos de la ecologia m olecular y la biologia evolutiva. El 
p roblem a estriba en que aun  hoy, m uy pocos genes funcionales 
han  sido caracterizados en las poblaciones naturales. En ese 
sentido los Genes del Com plejo M ayor de H istocom patibilidad 
(MHC) son una  excepciôn y se convierten en los candidatos 
perfectos para este tipo de estudios. Por u n  lado, se encuentran  
entre los genes funcionales mejor estudiados en el m undo  anim al. 
Por otro lado, constituyen u n  com ponente esencial del sistem a 
inm unolôgico de los ind iv iduos, por lo que estân directam ente 
relacionados con la calidad  ind iv idual y la supervivencia.
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En este capitulo integram os el estudio de la variaciôn 
neutral (22 m icrosatélites y un  locus m itocondrial) y adap tativa  
(genes de la clase II p del MHC) en una poblaciôn continental 
(Peninsula Ibérica) y dos insulares (Canarias y Baléares) de 
Alimoche. N uestros resultados indican valores de d iversidad  
genética m enores en las islas que en el continente. En cuanto  a los 
procesos evolutivos responsables de los patrones de variaciôn 
observados, vem os por un  lado, que la dériva génica ha 
predom inado  com o fuerza evolutiva histôrica en las islas. Sin 
em bargo, las frecuencias que los distintos grupos de ligam iento de 
los genes del M HC presentan  en las poblaciones insulares, nos 
sugieren la existencia de fuerzas de selecciôn diversificadora a 
m as corto plazo. El resultado m as interesante de este trabajo es, no 
obstante, la aparente co-evoluciôn entre las dos duplicaciones 
am plificadas del gen. Esta co-evoluciôn ha podido  perm itir que 
pares de alelos divergentes se m antengan unidos por estrechas 
fuerzas de ligam iento en las islas. Este m écanism e puede asi haber 
contrarestado la pérd ida  de diversidad sufrida en las poblaciones 
islehas, m axim izando las capacidades de reconocim iento antigeno 
cuando la d iversidad  se ha visto reducida y prom oviendo la co- 
segregaciôn de las com binaciones de alelos m as eficientes a la 
hora de responder a las com unidades de patôgenos locales.
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Abstract
Insular populations have attracted  the attention of 
evolutionary biologists because of their m orphological and  
ecological peculiarities w ith  respect to their m ainland 
counterparts. Founder effects and genetic drift are know n to 
distribute neutral genetic variability in these dem es. H ow ever, 
elucidating w hether these evolutionary forces have also shaped 
adaptive variation is crucial to evaluate the real im pact of reduced 
genetic variation in small populations. Genes of the Major 
H istocom patibility Complex (MHC) are classical exam ples of 
evolutionarily relevant loci because of their w ell-know n role in 
pathogen  confrontation and clearance. In this study, we aim  to 
disentangle the partial roles of genetic drift and  natural selection 
in  the spatial d istribution of M HC variation  in insular 
populations. To this end, we integrate the study  of neutra l (22 
m icrosatellites and one m tD N A  locus) and  M HC class II variation 
in  one m ainland (Iberia) and  tw o insular populations 
(Fuerteventura and M enorca) of the endangered  Egyptian vu ltu re  
(Neophron percnopterus). Overall, the d istribu tion  of the 
frequencies of indiv idual M HC alleles (N=17 alleles from  tw o 
class II B loci) does not significantly d epart from  neutral 
expectations, w hich indicates a p rom inent role for genetic drift 
over selection. H owever, our results po in t tow ards an interesting 
co-evolution of gene duplicates tha t m aintains different pairs of 
d ivergent alleles in strong linkage disequilibrium  on islands. We 
hypothesize that the co-evolution of genes m ay counteract the loss 
of genetic diversity in insular dem es, m axim ize antigen 
recognition capabilities w hen gene d iversity  is reduced, and 
prom ote the co-segregation of the m ost efficient allele 
com binations to cope w ith  local pathogen  com m unities.
103
C h a p t e r  3 | M H C  va r ia t io n  a n d  e v o lu t io n a r y  m e ch a n ism s
In trodu ction
Reduced and  bottlenecked populations are exposed to the 
effects of genetic drift and  loss of genetic diversity. Loss of genetic 
diversity m ay increase the risk of extinction of small populations 
because of inbreeding depression and  decreased adaptive 
potential (Mills, 2006). U nderstanding  the m echanism  
determ ining the levels of genetic variation  in reduced  and  
fragm ented populations is therefore essential for their 
conservation (Frankham  et al. 2002). Islands are a particular case of 
reduced and  bottlenecked populations and they are especially 
vulnerable to the effects of genetic im poverishm ent (Pimm et al. 
1988, F rankham  1995). This vulnerability as well as their 
phenotypic, genotypic and  ecological particularities has prom oted 
their study and  conservation (W hittaker & Fernandez-Palacios 
2007). In addition, their relatively simple, discreet and finite 
character facilitates the study  of evolutionary m echanism s and 
genetic variability in these populations (Miller et al. 2010; A guilar 
et al. 2004).
Traditionally, studies of population  genetics in threatened 
populations have used  presum ably neutral genetic m arkers, such 
as m tD N A  or m icrosatellites (Frankham  et al. 2002). H ow ever, 
patterns of neutral genetic variation do not necessarily correlate 
w ith  those in functionally im portan t genes (e.g. A guilar et al. 
2004). Hence, the parallel study  of adaptive genetic variation and 
the m echanism s underly ing  such variation is recom m ended, in 
order to enhance our understand ing  of the repercussions of 
decreased genetic diversity  in threatened populations (Hedrick 
2000; Kohn et al. 2006). Genes of the M ajor H istocom patibility 
Complex (MHC) are am ong the best-studied functional genes in  
w ild populations and  constitute one of the m ost im portan t 
com ponents of the vertebrate im m une system. They are involved 
in the triggering of adaptive im m une responses by coding for cell- 
surface glycoproteins that b ind and present foreign peptides
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(antigens) to CD4+ and CD8+ T lym phocytes (Klein 1986; Iwasaki 
& M edzhitov 2010). The recognition of foreign antigens bound  to 
M HC molecules by T lym phocytes initiates a series of im m une 
m echanism s that includes the p roduction  of specific antibodies 
and  the destruction of pathogen-infected cells. M HC genes 
encom pass the m ost polym orphic coding regions of vertebrate 
genom es (e.g. Robinson et al. 2005). This variation is though t to 
determ ine the capability of ind iv iduals to respond  to continuously 
evolving pathogens and parasites, and  consequently, M HC 
diversity has been traditionally associated w ith  ind iv idual fitness 
and  outcom e of infection (review ed by O liver et al. 2009; R adw an 
et al. 2009; Spurgin & Richardson 2010).
D em ographic processes, popu la tion  structure, sexual 
selection and  selective pressures im posed by pathogens are 
expected to drive the evolution of M HC genes of adaptive 
significance (Piertney & O liver 2006; H edrick 2002). However, 
em pirical studies com paring neu tra l and  adaptive loci have not 
p rov ided  unequivocal results w ith  regard  to the relative roles of 
neutra l evolutionary forces and  natu ra l selection. In som e cases, 
balancing selection has been invoked to explain the m aintenance 
of h igh levels of M HC diversity  and  low er in ter-population  
differentiation in com parison w ith  neutra l m arkers (Aguilar et al. 
2004; van O osterhout et al. 2006; M ona et al. 2008). O ther studies, 
on the contrary, have pointed tow ards a p redom inan t role for 
genetic drift in the distribution of M HC variation (e.g. M iller & 
Lam bert 2004a; M ainguy et al. 2007, Babik et al. 2008, M iller et al. 
2010). Both sim ulated and em pirical data also suggest tha t the loss 
of genetic diversity can occur faster w hen  genetic drift and 
directional selection occur sim ultaneously in small and isolated 
dem es (e.g. Ejsm ond & R adw an 2009, Alcaide et al, 2010). Finally, 
the role of pathogen diversity and  virulence in shaping genetic 
variation  at evolutionarily relevant M HC genes has been stressed 
by other studies (e.g. Prugnolle et al. 2005; D ionne et al. 2007; 
A lcaide et al. 2010).
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The aim  of the p resent study  is to investigate the role of 
neutral evolutionary forces and  selection on the d istribution of 
functional variation in reduced  populations. For this purpose w e 
integrate neu tra l (m icrosatellites and  mtDNA) and adaptive 
(MHC class II) genetic inform ation in  insular and  continental 
populations of the globally threatened Egyptian vu ltu re  {Neophron 
percnopterus; Accipitridae). This vu ltu re  is one of the few large 
raptors able to colonize oceanic islands and  included insular 
populations in  the Atlantic O cean and the M editerranean and  
Arabic Seas, though  m any of them  are now  extinct (Levy 1996; 
Sara et al. 2009; G angoso et al. 2006). D espite its broad distribution  
range (Fig. 1), it is estim ated that only 30,000 to 40,000 m ature 
individuals survive in the entire w orld  and the species is 
considered "E ndangered" (BirdLife International 2008). In the 
W estern Palearctic, the Iberian Peninsula (Iberia) holds the bulk of 
the E uropean population  and the tw o m ain  insular dem es are 
located in M enorca (Balearic Islands) and  Fuerteventura (Canary 
Islands) (Fig. 1). All of these populations are sharply declining 
(BirdLife International 2008; D onazar et al. 2001; De Pablo 2002).
We specifically assessed w hich am ong the following 
hypotheses is better supported  by our em pirical data: i) patterns 
of M HC variation cannot be discerned from  those occurring at 
neutral m arkers (i.e. equivalent extent of genetic divergence and  
sim ilar loss of variability at neutral and  adaptive loci), thus 
indicating a p redom inan t role of neu tra l forces over selection; ii) 
balancing selection counteracts genetic drift and  therefore both 
population  differentiation and  loss of genetic diversity at M HC 
loci has been m inim ised and iii) population  divergence at the 
M HC exceeds that observed at neutral m arkers and  this finding 
supports diversifying selection.
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M ethods
Sampling and nucleic acid extraction
The p resen t study  w as carried out w ith  sam ples from  the 
m ain  continental (Iberia) and  the tw o relic insular populations 
(M enorca in  the  Balearics and Fuerteventura in  the Canary 
Islands) in  the W estern Palearctic (Fig. 1). Blood sam ples w ere 
obtained from  vu ltu res cap tured  at their nests or w ith  cannon nets 
at supp lem entary  feeding areas betw een 1995 and  2006 in Iberia 
from  no rthern  (Navarre; n=40 and A ragon; n=19), central 
(Segovia; n=15) and  sou thern  (Cadiz; n=22) locations. Samples 
w ere taken betw een 1998 and  2009 in Fuerteventura (n=236) and  
betw een 1998 an d  2002 in M enorca (n=36). DNA extracts w ere 
obtained follow ing Sam brook e t al, (1989).
Genotyping of microsatellite and mtDNA markers
Estim ates of neutra l genetic variation w ere based on the 
survey of five non-specific (Bv6, 9, 13, 14 and  20; G autschi e t al, 
2000) and  17 species-specific m icrosatellite loci (Np38, 39, 51, 78, 
93, 140, 141, 155, 163, 166, 229, 238, 244, 249, 257, 259, 296; A gudo 
e t al. 2008) accom plished in  a recent s tudy  published  by the 
au thors (A gudo e t al. 2011). W e used  g e n a l e x  version 6 (Peakall & 
Sm ouse 2006) to calculate param eters of genetic variability and  
differences betw een populations w ere tested using W ilcoxon sign- 
rank  tests. In addition , w e sequenced 403 bp  of the m itochondrial 
control region (dom ain I) using  prim ers THR-F and  FBox-R and 
follow ing the conditions described in Roques e t al. (2004). PCR 
am plicons w ere directly sequenced according to the BigDye 1.1 
technology (A pplied Biosystems, Carlsbad, California). Labelled 
fragm ents w ere analysed using  an ABI 3130x1 autom ated  
sequencer (A pplied Biosystems, Carlsbad, California). DNA 
sequences w ere ed ited  using  BioEdit (Hall 1999) and
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p o ly m o rp h ism  statistics w ere  generated  w ith  D N A sp 5.0 (L ibrado 
& Rozas 2009). Sam ple sizes u sed  for each k in d  of m ark e r are  
g iven  in  Table 1.
35N
Canary Islands
IT
20W
- IbetteBft/- 
" ^ ^ " I ^ P e n i n s u ^
alearic 
Islands
^  ;
iC l " i
BNapeis ■Nepei9
■ htapel INBpe20
m
a  Nape? BNapeS
i BMapee BNepelO
4 ^  ■N9fBl1 BN9pe12
1 #NBpe13 BNspeM
1 "NepelS BNBpe16
■ Nspel?
1SW 1ÔW 5W 5E
Figure 1 Global distribution (upper left comer) and geographic location 
of sampled areas (orange circles) in Iberia and the two insular 
populations of the Egyptian vulture (Fuerteventura in the Canary 
Islands and Menorca in the Balearic Islands) investigated in this study. 
Pie charts represent the frequency distribution of 17 MHC class II alleles. 
Each allele is represented by a different colour.
MHC genotyping and molecular cloning
The second exon of M H C class II B genes w as PCR 
am plified  u sin g  the p rim ers Acc2FC an d  Acc2RC accord ing  to 
A lcaide et al. (2007). W e perfo rm ed  capillary  electrophoresis 
sing le-strand  conform ation  po lym orph ism  (CE-SSCP) analyses to
1 0 8
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resolve M HC class II genotypes (e.g. Bryja et al. 2005; A lcaide et al. 
2010). Fluorescently labelled PCR products w ere d ilu ted  1:10 and  
denatu red  using Hi-Di form am ide, and  heated  at 95°C for 3 min. 
SSCP analyses w ere ru n  on an ABI 3130x1 autom ated sequencer 
(A pplied Biosystems) using a polym eric m atrix com posed of a 5% 
CAP non-denaturing  polym er (A pplied Biosystems, Carlsbad, 
California), 10% glycerol and  Ix  Genetic A nalyzer runn ing  buffer. 
Sam ples w ere ru n  at 33°C w ith  0.7 pi of GeneScan 500-LIZ size 
standard , using  the Fragm entAnalysis36_POP4 ru n  m odule. SSCP 
electropherogram s w ere analysed using G enM apper 3.7 (A pplied 
Biosystems, Carlsbad, California).
Eight birds from  each population  suspected to host 
different alleles w ere re-am plified using non-labelled prim ers and  
cloned into bacterial plasm ids using the PGEM-T easy vector 
system  II (Promega). W e random ly sequenced 8-12 positive clones 
per ind iv idual to isolate M HC class II p alleles. Sam ples 
representing  all un ique SSCP profiles w ere directly sequenced as 
well. M HC allele sequences w ere assigned to particular SSCP 
peaks th rough  the com parison of those SSCP electropherogram s 
th a t apparently  shared alleles. For every SSCP genotype, w e 
carefully exam ined w hether the overlap of DNA sequences of the 
inferred alleles m atched the natu re  of the polym orphic sites 
detected across sequencing chrom atogram s. Allele sequences and  
d irect sequencing chrom atogram s w ere edited in BioEdit (Hall 
1999). Polym orphism  statistics w ere generated w ith  D N A sp ver
5.0 (Librado & Rozas 2009). The phylogenetic relationships am ong 
M H C alleles w ere visualized th rough  N eighbor-net netw orks 
built w ith  SplitsTree 4.0 (H uson & Bryant 2006).
Finally, we investigated the M HC allele segregation 
patterns from  parents to offspring in 33 families of Egyptian 
vu ltu res (n=236 individuals) sam pled from  the C anary Islands. 
K inship relations w ere reconstructed according to field 
observations and  m olecular data  (A gudo et al. 2011). The 
observation of allele inheritance allow ed us to: i) obtain
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inform ation regard ing  the overall num ber of loci co-am plified, ii) 
test w hether or not they are linked, and iii) evaluate the possibility 
of assigning alleles to particular loci.
Tests o f selection
Frequencies of non-synonym ous (dw) and  synonym ous (ds) 
nucleotide substitutions w ere calculated using the softw are MEGA
4.0 (Kum ar et al. 2008). A n excess of over ds (d^ /  ds ~ co >1) 
provides evidence of historical positive selection. Tests w ere ru n  
independently  for those codons supposedly  involved and  not 
involved in antigen recognition, according to the crystallographic 
structure of the hum an M HC class II m olecule (Brown et al. 1993). 
Deviations from  neutral expectations of m olecular evolution w ere 
also tested th rough a Tajima's D test (Tajima 1989) using D N A sp 
ver 5.0 (Librado & Rozas 2005) w ith  a sliding w indow  of 25 
nucleotides and  a step size of 5 nucleotides.
Positive selection at every codon w as also tested using  the 
H yPhy package (w w w .datam onkey.org. Pond et al. 2005). W e ran  
the GARD m odule (Kosakovsky Pond et al. 2006) to subdivide our 
alignm ent into different partitions on the basis of significant 
evidence of recom bination breakpoints, as recom bination is 
know n to seriously overestim ate positive selection (Richman et al. 
2003; A nisim ova et al. 2003). We selected the R andom  Effects 
Likelihood (REL) m odel to infer site-by-site positive selection 
(Kosakovsky Pond & Frost 2005) considering only Bayes factors 
larger than  100 (i.e. those supporting  decisive evidence of positive 
selection) obtained independently  w ith  different nucleotide 
substitu tion  models.
Since there w as not clear clustering of alleles according to 
locus and  there w ere evidences that the tw o gene duplicates m ay 
be sharing the sam e set of alleles (see discussion below), we 
included all exon 2 sequences in the analysis of positive selection.
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E stim ates o f population  differentiation
First, we used  the nucleotide sequence-based estim ator of 
popula tion  genetic differentiation K s t  (H udson e t  aL 1992) to 
investigate genetic divergence at M HC and  m itochondrial loci (p- 
values w ere calculated by runn ing  1,000 iteration perm utation  
tests) using D N A sp 5.0 (Librado & Rozas 2009). Second, w e 
calculated pairw ise Fst values at M HC loci (see below) and  at 
m itochondrial DNA and m icrosatellite loci using  D N A sp 5.0 and 
FST AT 2.9.3 (G oudet 1995) respectively. For the m icrosatellites, 95% 
confidence intervals w ere assessed by bootstrapp ing  over loci. For 
the calculation of Ksj and Fst for the M HC genes, w e first 
calculated the allele frequencies by considering the sequence of a 
particu lar allele as m any tim es as the inferred num ber of copies of 
tha t allele in a given ind iv idual (including the tw o gene copies). 
Fst w as estim ated using  A rlequin 3.1 (Excoffier e t  a l  2005). After 
tha t and  based on the presence of clear g roups of linked alleles 
w ith in  the islands, w e also calculated the FsT-value at M HC genes 
betw een the tw o insular populations by using the frequencies of 
the different pairs of alleles in  LD (rather than  ind iv idual alleles) 
using  Genetix 4.04 (Belkhir e t  al. 2004) (see results). M HC Fst- 
values that d id  not overlap w ith in  the 95% confidence intervals of 
those based on m icrosatellites w ere considered significantly 
different (Weir 1996). All individuals u sed  for popu la tion  
differentiation analyses based on both neutra l and  adaptive loci 
w ere presum ably unrelated. G iven tha t our m ain  goal w as to 
analyze the differences betw een the continental and  the insular 
popu la tions and since, w e did  not find  evidence of partial 
structu re w ith in  Iberia, analyses of popula tion  differentiation 
w ere perform ed considering all continental ind iv iduals as a single 
cluster.
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Results
Genetic variation  a t micro satellite^ m itochondrial and MHC loci
The genotyping of 22 m icrosatellite m arkers reported  
higher levels of expected heterozygosity (H e )  and allele richness 
{AR) in  the m ainland (0.57 and  3.06) than  in  the tw o insu lar dem es 
(Fuerteventura: H e  =0.44, A R  =2.44 and  M enorca: H e  =0.53, 
AR=2.59; W ilcoxon sign-rank tests betw een Iberia and: a) 
Fuerteventura H e : Z=2.46 /  p=0.01, AR: Z=2.13 /  p=0.03 and b) 
M enorca H e : Z=1.86 /  p=0.06; AR: Z=2.03 /  p=0.04) (data taken 
from  A gudo et al. 2011). The analysis of 403 bp  of the 
m itochondrial control region revealed a ratio of 0.80 haplotypes 
per ind iv idual in  Iberia, 0.57 in M enorca and  0.38 in Fuerteventura 
(Table 1).
Overall, w e discrim inated am ong 17 M HC class II alleles in 
the Egyptian vultu re  (Fig. 2, w aiting for GenBank accession 
num bers). All alleles w ere independently  found  in a t least tw o 
indiv iduals except for tw o alleles (N epel4  and N epel7) that w ere 
only detected in  tw o continental birds. Polym orphism  statistics 
across the M HC class II data set revealed 37 segregating (variable) 
sites corresponding to 40 m utations, a nucleotide d iversity  am ong 
alleles (n per site = 0.042) and  11.35 nucleotide differences, on 
average, betw een alleles (Table 1). All alleles differed by at least 
one non-synonym ous substitution, w hich suggests that they 
m ight also differ in their antigen b inding  properties. The 
ind iv idual survey of M HC variability reported  2, 3 or 4 different 
alleles per ind iv idual w hich is in agreem ent w ith  the 
sim ultaneous am plification of tw o gene duplicates in  the Egyptian 
vulture.
The Iberian population  exhibited the highest degree of 
M HC variability. We found 17 alleles and 28 M HC class II 
genotypes across the 30 individuals screened. Eleven alleles w ere 
observed in the three stud ied  Iberian subpopulations and  the m ost
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abundan t allele (N epel) w as so for these three sam pled dem es 
independently . Only low -frequent alleles (N=6) w ere not found  in 
the three dem es, suggesting a random  effect linked  to the small 
sam ple sizes (N=10). In agreem ent w ith  the relatively weak 
genetic differentiation observed at nuclear m arkers am ong these 
subpopulations (Fst<0.03, A gudo et al. 2011), ou r data  do not 
suggest a strong genetic structuring  a t the M H C either. As a 
result, we herein  consider the Iberian Peninsula as a whole.
O nly 10 class II alleles and  9 genotypes w ere found in 
Fuerteventura (n=236), and five of them  (G1-G5, Fig. 1 and SI) 
accounted for near the 90% of the genotypic variation  in this 
popu la tion  (Table 2). Likewise, only 9 alleles and  11 class II 
genotypes w ere inferred in M enorca (n=36) (Fig.l and  S2). M ean 
num ber of M HC alleles per ind iv idual w as also higher in the 
continent (3.37) than  in the islands (2.93 for F uerteven tura and 
2.96 for M enorca, Table 1).
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F ig u re  2 P u ta tiv e  am in o  acid  sequences of 17 M H C  class II alleles {/3 
chain , exon  2) in  the  E g y p tian  v u ltu re . D ots in d ica te  a m a tch  to  the  top  
sequence  a n d  crosses p in p o in t co d o n s ex h ib itin g  s tro n g  ev id en ce  of 
p o sitiv e  selection  (see also  Fig, 5). Black b a rs  co v er th e  th ree  m ajor 
reg io n s  co m p ris in g  the  an tig en -b in d in g  reg io n  of th e  h u m a n  M H C  class 
II m o lecu les (B row n et al. 1993).
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Table 1 Polymorphism statistics at a mitochondrial control region locus 
(403 bp of subdomain I), 22 microsatellites and two MHC class II p 
duplications in one mainland (Iberia = IBE) and two insular populations 
(Fuerteventura = FV; Menorca = MEN) of the Egyptian vulture. 
Microsatellite diversity is measured in terms of allele richness (AR) and 
average expected heterozygosity ( H e ) .  Mean nucleotide diversity per 
site (tt) and the average number of nucleotide differences among alleles 
(k) are indicated for mitochondrial and MHC loci. For the later, the 
overall number of alleles (Na), the total number of different genotypes 
(Ng), the mean number of alleles per individual (Na/ind) and the total 
number of segregating sites (S) in the alignment are also shown.
Populations
FV MEN IBE
MtDNA control Region (N) 13 7 40
No. of haplotypes 5 4 32
71 0.007 0.01 0.024
k 2.73 4.17 9.65
MHC (N) 30 24 30
Na 10 9 17
Ng 9 11 28
N a/Ind 2.93 2.95 3.36
S 28 25 30
7T 0.047 0.043 0.044
k 11.98 11.69 11.99
Microsatellite (N) 45 36 96
AR 2.44 2.59 3.06
He 0.44 0.53 0.57
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Table 2 A llele co m p o sitio n  an d  frequencies of th e  d iffe ren t g en o ty p es 
o b se rv ed  in  236 E g y p tian  v u ltu re s  fro m  F u ertev en tu ra ). G en o ty p es 
co m p o sed  of 2 alleles w ere  a ssu m ed  to h av e  tw o  cop ies of each  allele 
(see also Fig. SI a n d  Fig. S2 for in fe rred  g en o ty p es  in  M enorca).
Genotype Allelel Allele2 Allele3 AIIeIe4 Frequencies
C l N e p e l8 N e p e l9 0.259
G2 N e p e l N epeS 0.174
G3 N e p e l8 N e p e l9 N e p e l N epeS 0.436
G4 N e p e l8 N e p e l9 N e p e l N epe6 0.017
G5 N e p e l N epe5 N epe6 0.009
G6 N e p e l N epe7 N epeS 0.076
G 7 N e p e l N epe7 0.004
G8 N e p e l N epe20 N epe7 N e p e l l 0.004
G9 N e p e l N epe5 N epe8 N epe9 0.017
The absence of specific allele com binations in 
Fuerteventura, no t only in the offspring but also across the entire 
population , indicated that the tw o M HC gene duplicates are 
necessarily linked (Table 3, Fig. 3A). Furtherm ore, the observed 
allele segregation patterns suggest the existence of different alleles 
w ith in  the linkage groups (Fig 3B, 3C and  3D). This result rejected 
the possibility th a t the tw o duplicates could hold identical exon 2 
alleles m apped  to the sam e chrom osom e, as previously  show n in 
pheasan ts (W ittzell et al. 1999). We identified 6 different linkage 
groups in  Fuerteventura (Table 2, Fig. SI). G enotypes com posed 
of 2 alleles w ere assum ed to have tw o copies of each allele. In the 
case of genotypes w ith  3 alleles, duplicated  alleles w ere deduced 
by observing the linkage groups involved in that particular 
genotype (e.g. G5 and G6, Fig. SI).
In M enorca, tw o genotypes w ere com posed of only two 
alleles: N epe3 + N epe6 and  N epe9 + Nepe6, respectively (Fig. S2) 
and w ere considered as linkage groups in this population . We also 
observed three additional linkage groups already reported  in
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Fuerteventura (Nepe8-9, Nepe3-7 and Nepe3-5). O ther linkage 
groups occurred at very low frequencies (Fig. S2).
A veraged value of genetic divergence w as higher betw een 
linked alleles (9.16+3.25 am ino acid differences), than  across 
random  allele associations in Fuerteventura, even after d iscarding 
self-allele com parisons (7.6+3.26). Differences w ere even m ore 
rem arkable w hen considering the four linkage groups tha t 
constitu ted 90% of the genotypes (G1-G7; 11.±1.63, see Figure SI). 
A sim ilar trend  w as also detected in M enorca, w here the tw o m ain  
linkage groups (Nepe3+6 and  Nepe9+6) exhibit 13 and 9 different 
am ino acid substitu tions betw een alleles, respectively (Fig. S2).
In the case of Iberia, the com parably larger num ber of 
genotypes p revented  us from  inferring pu ta tive linkage groups 
w ith  confidence. W hen calculating ind iv idual allele frequencies, 
we kept on considering that those genotypes constituted by tw o 
alleles should include tw o copies of each particular allele. O nly 6 
out of the 30 continental birds d isplayed three alleles. Following 
the experience collected from  exam ples such as G5 and  G6 
genotypes in Fuerteventura (Fig. SI), we assum ed that the allele 
em itting m ore fluorescence w as occurring in tw o copies.
H istorical selection a t the MHC
N on-synonym ous substitutions w ere significantly m ore 
frequent than  synonym ous substitutions in those codons 
presum ably com prising the antigen-binding sites (dN = 
0.145+0.055; ds = 0.043±0.031, Z-test statistic p=0.046), bu t not 
outside these regions (dN = 0.028±0.010; ds = 0.011+0.008, Z-test 
statistic p=0.23). A sliding-w indow  Tajima's D test revealed three 
coding regions w ith  significant and  positive Tajima's D values 
(Fig. 4). This indicates an excess of high-frequency segregating 
(variable) sites and  supports the idea of balancing selection.
CARD analyses reported  a recom bination breakpoint in the 
nucleotide position 158 of exon 2 (p<0.001). The codon-based
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maximum likelihood REL method revealed evidence of positive 
selection (all Bayes factors >100) in 12 amino acid positions and 
negative selection in two codons of the alignment (Fig. 5).
Table 3 Crosses between paternal and maternal MHC genotypes (Gl- 
G9, see Fig, SI) in 33 families of Canarian Egyptian vultures. Number of 
times that a particular crossing was observed is indicated (N) and the 
number of offspring showing a particular genotype is shown in 
brackets.
N Offspring Genotypes
G1 xG l 1 G1 (2)
G1 xG2 1 G3 (6)
G lx G 3 7 G1 (4); G3 (5)
G1 X G4 2 G1 (2); G4 (2)
G2xG3 6 G2 (5); G3 (10)
G2xG6 2 G2 (3); G6 (5)
G2xG9 1 G9(3)
G3xG3 8 G1 (8); G2 (1); G3 (11)
G3xG6 4 G2 (5); G3 (4); G6 (3)
G3 xG7 1 G6(l)
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A. Gene duplicates segregate independently
11 cT 9 m i l 9
■
G1 G3 G1 G2 G3 G3
B Linked gene duplicates: identical alleles in the same chromosome
G1 G2 G1 G3 G1 G1
C. Linked gene duplicates without gene conversion
d- 9 I 9 Cf 9
G1 G2 G3 G3 G2 G3 G2 G3 G3 G3 G2 G1 G6 G2 G6 G2
D. Linked gene duplicates with gene conversion
cf 9 cT 9
G1 G2 G3 G3 G3 G3 G1 G3 G3 G2
Figure 3 H ypothetic allele configurations across tw o M HC class II p  gene 
duplications in  the Egyptian vulture. Parallel bars represent hom ologous 
chrom osom es and colours represent the different alleles observed in  the 
Canarian population  (red=N epel8; dark  blue=N epel9; p ink= N epel; 
violet=Nepe20; light green=Nepe5; dark  green=Nepe6; yellow=Nepe7; 
orange=Nepe8; cyan=Nepe9; sep ia= N epell). Some of the expected genotypes 
(indicated by red  crosses) w ere found neither in the offspring nor in  the entire 
population. A) Expected segregation of alleles in the case of tw o M HC genes 
duplicates segregating independently. B) Linked genes bu t identical alleles 
m apping  to the sam e chrom osom e. C) Linked genes including different alleles 
w ith in  each linkage group for tw o evolutionarily independen t genes. D) Linked 
genes in the sam e conform ation bu t assum ing gene conversion (i.e. both gene 
duplicates can share the sam e alleles). The investigation of allele segregation 
patterns rejected both A and B hypotheses.
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Figure 4 Sliding window estimation of Tajima's D value along the 
second exon of MHC class II f3 genes in the Egyptian vulture. Regions 
displaying statistically significant and positive Tajima's D value are 
indicated (***p<0.001, *p<0.01, #p<0.1).
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Figure 5 Balance between non-synonymous (dw) and synonymous (ds) 
substitution rates for every single codon across 17 MHC class II alleles in 
the Egyptian vulture. Crosses indicate decisive evidence of positive 
selection (Bayes factors > 100) and asterisks indicate statistical evidence 
for negative selection.
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Table 4 E stim ates of p o p u la tio n  d iffe ren tia tio n  a t m ito ch o n d ria l, 
m icrosate llite  an d  M H C  loci b e tw een  a m a in la n d  (Iberia) a n d  tw o  
in su la r  p o p u la tio n s  (M enorca an d  F u e rtev en tu ra ) of th e  E g y p tia n  
v u ltu re . A ll F s t  a n d  Ksr v a lu es are  s ta tistica lly  sign ifican t (p < 0.001) 
(95% confidence in te rv a ls  fo r m icrosate llite  loci are  p ro v id ed ). P a irw ise  
F s t  v a lu e  b e tw e en  th e  tw o  is lan d s a n d  base o n  lin k ed  allele freq u en c ies  
are  in d ica ted  b e tw een  sq u a re  b rackets.
F st Menorca Fuerte ventura
mtDNA /  MHC [based on linkage
psats groups]
Iberia 0.172 /  0.056 0.290 /  0.058
0.077 (0.051-0.103) 0.092 (0.045-0.146)
Menorca 0.585 /  0.118
[based on linkage 0.138 (0.092-0.179)
groups] [0.272]
K st Menorca Fuerteventura
mtDNA/MHC
Iberia 0.042 /  0.013 0.115 /  0.027
Menorca 0.417 /  0.034
Patterns o f population  differentiation
Estim ates of population  differentiation w ere in agreem ent 
w ith  a pattern  of isolation by distance w ith  the highest 
differentiation betw een the tw o insular populations regardless of 
the type of m arker analysed. The d istribu tion  of the pairw ise 
differences in the M HC allele frequencies betw een the m ainland 
and insular populations w as sim ilar to tha t observed at neutral 
loci (Fig. 6). Pairw ise F s t  values at M HC loci based on the inferred 
allele frequencies fell w ith in  the 95% confidence intervals reported  
for m icrosatellites (Table 4). Rates of allele fixation at the M HC 
w ere about four tim es slow er than  those observed for
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m itochondria l haplo types, w h ich  is in  ag reem en t w ith  the four 
tim es h igher effective p o p u la tio n  size of nuclear M H C  loci. 
H ow ever, w h en  using the frequencies of linkage g ro u p s ra ther 
th a n  in d iv id u a l allele frequencies to calculate the M H C  F s t  value 
b e tw een  the islands, w e fou n d  th a t it w as significantly  larger ( F s t  
= 0.272) th an  tha t at m icrosatellite loci ( F s t  = 0.138; Table 4). 
F inally, nucleotide-based estim ators of p o p u la tio n  d ifferen tia tion  
su g g ested  a com parably  slow er fixation of variable sites at M H C 
loci th an  at m itochondrial sequences. The fact th a t m itochondria l 
K s t  values betw een the tw o in su la r pop u la tio n s  exceeded by one 
o rd e r of m agn itude  those rep o rted  for the M H C  is exem plary  in  
th is  reg ard  (Table 4).
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Figure 6 P a ir  w ise d iffe ren ces in  a lle le  freq u en c ies . E v ery  sp o t
sy m b o lize s  one  allele: b lack  sp o ts  in d ic a te  th e  d iffe ren ce  in  allele
fre q u en c ie s  of 130 alleles (c o rre sp o n d in g  to  22 m ic ro sa te llite  loci) 
b e tw e e n  Iberia  an d  F u e r te v e n tu ra . G rey  sp o ts  c o r re sp o n d  to  th e
d iffe ren ce s  b e tw e en  Ib eria  a n d  M en o rca . E m p ty  d ia m o n d s  re p re se n t 
fre q u e n c y  d ifferences of 17 M H C  alle les b e tw e e n  Ib eria  a n d  
F u e r te v e n tu ra  a n d  em p ty  sq u a re s  r e p re s e n t d iffe ren ces  in  M H C  allele 
f re q u en c ie s  b e tw e en  Iberia  a n d  M en o rca .
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D isc u ss io n
This study  integrates neutral and M HC variation  to 
d isentangle the partial role of neutral evolutionary forces an d  
selection on the d istribution  of adaptive variation in bottlenecked 
and  geographically isolated populations. Overall, our findings 
suggest a m ajor role of genetic drift in shaping the spectrum  and  
frequencies of M HC alleles across island populations of Egyptian 
vultures. H ow ever, the m ost in trigu ing  result of the p resen t study  
is the pu ta tive  co-evolution of gene duplicates in the Egyptian 
vulture. We hypothesize tha t this evolutionary m echanism  m ay 
counteract allele fixation, m axim ize antigen recognition 
capabilities and  prom ote the co-inheritance of selectively 
advantageous alleles in genetically depauperate  populations.
M HC variation  and population differentiation
O ur results indicate the existence of tw o M HC class II gene 
duplicates in  the Egyptian vulture, as previously suggested by 
Alcaide et ah (2007) in this and  other Accipitridae species. 
C om pared to other scavengers, the M HC class 11 of Egyptian 
vultures seems less variable than  that of vultures from the genus 
Gyps (Alcaide et al. 2007) bu t m ore variable than  the M HC class II 
of A ndean C ondors {Vultur gryphus) (Alcaide et al. 2010). W e m ust 
recall how ever, tha t the 30 studied  continental individuals m ay 
not hold all the alleles presented  in as large population  as Iberia 
and  therefore, w e m ay be underestim ating  the genetic diversity 
p resen t in the species. Furtherm ore, SSCP and direct sequencing 
analyses m ight have also failed in  discrim inating am ong sets of 
closely related alleles. A lthough we did  not perform  gene 
expression analyses, several lines of evidence sustain  the 
functionality of the loci w e investigated. First, w e d id  not detect 
stop codons or fram e shift m utations in any coding region. 
Second, we found significant support for positive selection acting
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on functionally relevant codons (Fig. 2) and  an excess of high- 
frequency segregating (variable) sites (Fig. 4) supports historical 
balancing selection acting u pon  antigen-binding sites.
As expected, we observed low er levels of genetic diversity 
in  insular dem es than  in their continental coun terpart (Yuhki & 
O 'Brien 1990; H edrick et al. 2000). Furtherm ore, com parative 
analysis of population  structure betw een presum ably  neutra l and  
M H C loci does not suggest the occurrence of balancing selection 
counteracting genetic drift (e.g. A guilar et al. 2004, van O osterhout 
et al. 2006) or local selection accelerating allele fixation (e.g. 
Esjm ond & R adw an 2009, Alcaide 2010) in the stud ied  insular 
populations, w hen  considering the d istribution  of ind iv idual allele 
frequencies alone. Therefore, our results rem ain in  the sam e line 
as some previous studies that underscored  a prom inen t role for 
neutra l evolution over selection in small, bottlenecked and 
isolated populations (Miller et al. 2004, M anguy et al. 2007, Babik et 
al. 2008, M iller et al. 2010).
H ow ever, w hen  estim ating the M HC F s t  value betw een the 
insular populations based on the frequencies of linkage groups, 
w e observed higher differentiation than  expected u n d er 
neutrality . Even though  this resu lt m ay suggest the action of 
diversifying selection betw een the insular populations 
(Bernatchez & Landry 2003), w e cannot rule ou t the potential 
contribution  of popu la tion  bottlenecks in the increase of LD 
betw een different alleles (McVean 2002). N evertheless, these 
islands are located thousands of kilom etres ap art and are close to 
different continents and  consequently, spatial variations in  the 
pathogen  com m unities m ust be expected (e.g. de Bellocq et al. 
2002; Blanco et al. 2007; Alcaide et al. 2010). W e therefore speculate 
tha t the strong differentiation in  the com position of the dissim ilar 
linkage groups m ight be the result, in part, of spatial variations in 
pathogen-m ediated  selective regim es (Prugnolle et al. 2005; 
D ionne et al. 2007; A lcaide et al. 2010).
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We m ust also recall though  that the com parison betw een 
M HC and m itochondrial and m icrosatellite m arkers is probably 
not the m ost appropriate. H igh rates of back-m utation and  
hom oplasy are expected to underestim ate popu la tion  
differentiation w hen  using microsatellites. Selective sw eeps, on 
the other hand, m ay increase genetic divergence at m itochondrial 
D N A  sequences (Galtier et al. 2009). Therefore, the use of 
anonym ous loci could be m ore enlightening in these kinds of 
studies (Lee & E dw ards 2008).
P u ta tive  co-evolution o f MHC gene duplicates
The observed pattern  of M HC allele d istribution  could be 
the result of d ivergent alleles d isplayed by evolutionarily 
independen t genes. H ow ever, the finding of linkage groups 
(e.g.Nepe8+Nepe9; Figs. SI, S2) com prised by very sim ilar alleles 
on islands (although at the low est frequencies) and the 
im possibility of assigning alleles to loci (Fig. S4), reinforce 
concerted evolution, as previously reported  w ith in  the Accipitridae 
fam ily (Alcaide et al. 2007). In fact, cloning of M HC genom ic 
fragm ents has revealed an identical in tron 2 and  exon 3 sequences 
across the tw o gene duplicates in Egyptian vu ltu res (GenBank acc. 
num bers EF370964.1 and  JF313939, au thors ' unpublished  data). 
Furtherm ore, it is well docum ented tha t allele shuffling betw een 
gene duplicates can be facilitated by their physical proxim ity in 
the genom e (Ezawa et al. 2006). The sharing  of the sam e battery  of 
alleles betw een tw o M HC gene duplicates has already been 
described in the pheasant (Witzell et al. 1999) and  found  in other 
species w ith in  the Accipitridae family such as the Black Kite 
{Milvus migrans) (L. Lopez and  M. Alcaide unpublished  data). 
N evertheless, elucidating w hether different alleles have becom e 
fixed at different loci in the islands or, if on the contrary, genes are 
sharing the sam e battery of alleles require fu tu re research. In fact, 
both  scenarios m ay be consistent w ith  the observed patterns of
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genetic inheritance in the C anarian Egyptian vultures (see Fig. 
S3C and S3D). The design of locus-specific prim ers or the 
sequencing of the 5'-UTR region (W orley et al. 2008, M iller & 
Lam bert 2004b) could provide conclusive evidence in this respect.
Even though  we are aw are of the pu tative influence of 
population  bottlenecks on the observed LD patterns (McVean 
2002), we hypothesize tha t our findings m ay be in agreem ent w ith  
the co-evolution of gene duplications into M HC haplotypes, as 
previously described by K aufm an (1999) in the dom estic chicken 
Gallus gallus. This theory suggests tha t selectively advantageous 
allele com binations can be kept together in  the genom e over long 
periods of time. Certainly, positive selection of linkage groups 
containing divergent alleles guarantees the possession of at least 
tw o alleles w ith  contrasting antigen b inding  properties. In this 
regard, gene duplication  w ould  allow  not only acquiring new  
functions (D ittm an & Liberies 2010), bu t also counteracting the 
deleterious effects of genetic drift and  prom oting the co­
inheritance of selectively advantageous alleles. This evolutionary 
m echanism  w ould  be especially beneficial in bottlenecked and 
decim ated island populations.
Im plications in conservation
Even though  we herein speculate about the im portance of 
gene co-evolution to m axim ize M HC variation in  island 
populations, our results highlight a prom inent role of genetic drift 
in  the distribution  of adaptive variation. As a result, insular and 
bottlenecked populations p resen t significantly less M HC 
variability than  their continental counterparts. This lim itation 
m ight com prom ise their capabilities to confront novel infectious 
diseases (but see A cevedo-W hitehouse & C unningham  2006; 
R adw an et al. 2009). In fact, previous research has already show n 
that island Egyptian vultures p resent low er im m une response 
capabilities and  higher susceptibility to infection than  their
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continental equivalents (Gangoso et al. 2009). Scavenger rap tors 
are particularly  at risk (Blanco et al. 2007, Lem us & Blanco 2009a, 
Lem us et al. 2008). A n alarm ing increase in pathogenic burdens in 
both continental and insular populations of these species has 
recently been described (Blanco et al. 2007, Lem us & Blanco 2009a, 
Lem us et al. 2008). This increase has been related to the sanitary 
regulations associated w ith  the bovine spongiform  
encephalopathy (BSE) crisis (Telia 2001), the consequent 
congregation of vu ltures around  carcasses of stabled anim als and 
the m assive ingestion of veterinary-prescribed drugs used  in the 
raising of stabled anim als (Lemus & Blanco 2009b, Blanco et al. 
2009). Therefore, this alarm ing increase in pathogen  exposure m ay 
have im portan t consequences on the survival of insular 
populations w ith  low er adaptive flexibility against invading 
pathogens over the long term.
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Figure SI. SSCP electropherograms of the 9 MHC class II 
genotypes identified in 30 non-related Canarian Egyptian 
vultures. Hypothetical combinations of alelles between the two 
gene duplications are displayed: left, without assuming gene 
conversion, and right, assuming gene conversion (see Fig. 3 for 
details). Schemes represent homologous paternal and maternal 
chromosomes in GO phase. Colour dots represent different alleles 
(red=Nepel8; dark blue=Nepel9; pink=Nepel; violet=Nepe20; 
light green=Nepe5; dark green=Nepe6; yellow=Nepe7; 
orange=Nepe8; cyan=Nepe9; sepia-N epell). The relative 
frequencies of each genotype are also indicated. Only data from 
the single stranded DNA molecules labelled with the 6-FAM dye 
is shown.
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F igure  S2. SSCP e lectropherogram s of the  10 M H C  class II 
geno types iden tified  in  the  M enorca p o p u la tio n  of the E gyptian  
vu ltu re . L inkage g ro u p s b e tw een  the tw o  gene dup licates are 
suggested . C olour do ts  rep resen t d ifferen t alleles (p ink= N epel; 
ligh t green=N epe5; d a rk  green=N epe6; yellow =N epe7; 
o range= N epe8; cyan=N epe9; b row n=  N epelO ; sep ia = N e p e ll; 
b rig h t g reen= N epel2 ). The rela tive frequencies of each genotype 
are also p ro v id ed . O nly  d a ta  from  the  single s tran d ed  D N A  
m olecules labelled  w ith  the 6-FAM  dye is show n.
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An adult Canarian Egyptian vulture stands close to a goat carcass where 
two crows are already feeding. He does not seem to mind of the presence 
of the two Berber men and their camels, inhabitants of the arid lands of 
Herbania.
Un Guirre adulto se acerca cauteloso al cadaver de una cabra, del que ya 
comen dos cuervos. La presencia de los hombres Bereberes y  sus camellos, 
habitantes de las âridas tierras de Herbania, no parece asustarle.
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El papel de los humanos en la diversificaciôn de una rapaz 
insular amenazada
Resumen
Los cambios ambientales provocados por la acciôn humana han 
modificado los rangos de distribuciôn de multitud de especies y han 
llevado a la extinciôn a otras tan tas. Uno de los cuatro principales 
factores que han determinado la extinciôn de muchas especies, 
especialmente en el caso de las insulares, ha sido la introducciôn de 
manera directa o indirecta de formas exôticas. Sin embargo, en algunos 
casos, esas especies han sido beneficiosas al actuar como fuentes 
abondantes de alimento de las especies nativas. Por otro lado, las 
transformaciones que la acciôn humana ha llevado a cabo en el medio 
ambiente, han provocado de forma paralela cambios en las presiones 
selectivas que sufren las poblaciones y ante las que han de responder. 
De ese modo, determinadas adaptaciones observadas en poblaciones 
naturales y acontecidas en apenas siglos, han sido directamente 
asociadas con la actividad humana (denominada "evoluciôn 
contemporânea'). Sin embargo, pocas veces se ha cuestionado, 
especialmente en el caso de especies de larga vida, si esas adaptaciones 
surgidas en respuesta adaptativa a los cambios provocados por la acciôn 
humana, han podido promover procesos de diversificaciôn de los 
taxones o incluso la posible apariciôn de taxones nuevos.
En este capitulo estudiamos primero la diferenciaciôn genética y 
fenotipica existente entre el alimoche europeo y el canario. Después, 
mediante el anâlisis de la diversidad genética de 22 microsatélites 
usando dos métodos Bayesianos, datamos la colonizaciôn de la 
poblaciôn Canaria de Alimoche y discutimos el papel del humano en 
dicha colonizaciôn y en su posterior diversificaciôn. Nuestros resultados 
indican que es la llegada de los humanos y la consecuente llegada del 
ganado (cabras) a las islas, lo que permitiô la colonizaciôn de los 
alimoches. Tras su colonizaciôn y su explosiôn demogrâfica, posible 
gracias a la disponibilidad de una fuente abundante y predecible de 
alimento (las cabras), los alimoches se diversificaron al adaptarse al 
nuevo ambiente insular. Esto ocurriô en apenas 200 generaciones.
Nuestros resultados sugieren que los cambios ambientales de 
origen antropocéntrico pueden inducir procesos de diversificaciôn, y 
que esos procesos pueden tener lugar en una escala temporal ecolôgica, 
incluso en el caso de especies de larga vida.
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Abstract
Background
A nthropogenic habitat m odifications have led to the extinction of 
m any species and  have favoured the expansion of others. 
N onetheless, the possible role of hum ans as a diversifying force in 
vertebrate evolution has rarely  been considered, especially for 
species w ith  long generation times. We exam ine the influence tha t 
hum ans have had on the colonization and  phenotypic and  genetic 
differentiation of an insular population  of a long-lived rap to r 
species, the Egyptian vu ltu re  (Neophron percnopterus).
Results
The m orphological com parison betw^een the C anarian Egyptian 
vultures and  the m ain and  closest population  in W estern Europe 
(Iberia) indicated tha t insular vu ltures are significantly heavier 
(16%) and  larger (about 3%) than  those from  Iberia. Bayesian and  
standard  genetic analyses also show ed differentiation ( f s r =  0.11, 
p<0.01). The inference of changes in the effective size of the 
C anarian dem e, using tw o likelihood-based Bayesian approaches, 
suggested that the establishm ent of this insular population  took 
place som e 2500 years ago, m atching the date of hum an  
colonization. This is consistent w ith  the lack of earlier fossils.
Conclusions
Archaeological rem ains show  tha t first colonizers w ere Berber 
people from  northern  Africa w ho im ported  goats. This new  and 
abundan t food source could have allow ed vultures to colonize, 
expand and  adap t to the island environm ent. O ur results suggest 
tha t anthropogenic environm ental change can induce 
diversification and tha t this process m ay take place on an 
ecological tim e scale (less than  200 generations), even in  the case 
of a long-lived species.
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Background
The negative im pact of hum ans on biodiversity is well 
know n  and is often referred to as The sixth m ass extinction'. For 
m any endangered  species, hum ans have induced fragm entation 
an d  declines in population  size that have led to strong drift in 
m any species (Roelke et al. 1993; Goossens et al 1999; Snyder & 
Snyder 2000; Burney & Flannery 2005). Species endem ic to islands 
have paid  one of the highest tolls, as show n, for instance, by the 
m assive extinctions that followed the hum an  colonization of the 
Indo-Pacific archipelagos [5]. H um an colonization of islands is 
typically associated w ith  habitat destruction and fragm entation, as 
w ell as w ith  other processes such as overexploitation or 
in troduction  of exotic species and  pathogens that can seriously 
dam age species richness (D iam ond 1989; H oldaw ay 1999). In 
island ecosystem s above all, invasions of exotic species have been 
im plicated as an im portan t factor in population  loss and 
extinction (Wilcove et al. 1998; M ooney & Cleland 2001). H ow ever, 
alien species m ay also be beneficial to som e native species and  act, 
for exam ple, as new  and  abundan t food resources (Roemer et al. 
2002; G angoso et al. 2006).
The unprecedented  rate of anthropogenic pertu rbation  that 
has affected m any regions during  the last centuries m ay be 
directly or indirectly prom oting changes in the selective forces 
acting on natu ra l populations (Palum bi 2001). Consequently, 
h u m an  activity has become associated w ith  evolutionary changes 
tha t occur over periods of a few h u ndred  years, otherw ise know n 
as 'con tem porary  evolution ' (H endry & K innison 1999; K innison 
& H endry  2001; Reznick & G halam bor 2001). Several studies have 
reported  adap tation  occurring th rough  contem porary  evolution in 
species confronting anthropogenic environm ental changes (see 
Stockwell et al. 2003 for a review). H ow ever, w hether such 
anthropogenic m odifications can also prom ote phenotypic 
diversification and  perhaps even spéciation of w ild  vertebrates
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has rarely been considered. N onetheless, it seem s unlikely  th a t 
hum an  actions w ould  have triggered d ivergent evolution  in  
vertebrate populations, especially in those species w ith  long 
generation tim es in w hich evolution is expected to proceed at a 
relatively slow er pace than  species w ith  short generation  tim es 
(Wu & Li 1985; Li et a l  1987).
In this study, w e exam ine the role of hum ans in  the origin 
of the phenotypic and  genetic divergence of the C anarian 
population  of Egyptian vultu re  (Neophron percnopterus). The 
Egyptian vu ltu re  is a long-lived trans-Saharan m igratory  rap to r 
that is globally threatened (BirdLife International 2008). This 
vu ltu re  is one of the few rap tors that has colonized islands far 
from  continental m ainlands and  it has established sedentary  
insular populations such as the one on the C anarian  archipelago. 
O ur results dem onstrate that the arrival of hum ans in the C anary 
Islands enabled the establishm ent of Egyptian vu ltu res and  their 
subsequent dem ographic explosion and differentiation.
M ethods
Study species and populations
The Egyptian vu ltu re  (Neophron percnopterus) is a long-lived 
m edium -sized scavenger bird of prey  that is w idely  d istributed  
th roughou t the circum -M editerranean region and  sub-Saharan 
Africa, as w ell as in the M iddle East, Central Asia and  India. 
Insular populations occur in the Atlantic O cean and  the 
M editerranean and  A rabian Seas, although m any of these are now  
extinct (Cram p & Sim m ons 1980; Del Hoyo et al. 1994; Levy 1996). 
D espite its w ide distribution, this vu lture is globally threatened 
and, due to recent population  declines, it is presently  classified as 
'E ndangered ' on the lUCN Red List (BirdLife In ternational 2008). 
The m ain  causes for its decline are high m ortality of adult 
individuals caused by poisoning, collisions w ith  w ind  pow er
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turbines and  electric lines, electrocution, loss of suitable habitat and 
food shortage due to hum an disturbance (BirdLife International 
2008).
A t present, the bulk  of the European breeding population  is 
restricted to the Iberian Peninsula (Iberia) w ith  approxim ately 
1500 breeding pairs (BirdLife International 2008). In the C anarian 
archipelago, it was very ab u n d an t in the past (Bannerm an 1912), 
b u t has disappeared from  five of the seven islands in recent 
decades (M artin 1987). M ost of the C anarian population  is found 
on Fuerteventura (the southeastern  m ost island) w here intensive 
m onitoring over the last 12 years has revealed the presence, in 
average, of 30 breeding territories/ year (SD=6.4). In addition, 
betw een tw o and four breeding pairs are usually  observed every 
year during  the breeding season on the closest island, Lanzarote, 
w hich is located less than  10 km  from  Fuerteventura (D onazar et 
al. 2002a; Palacios 2004, au thors ' unpublished  data). H ow ever, 
these individuals are norm ally seen in  Fuerteventura du ring  the 
rest of the year, w here they have been captured  and banded. 
O ther b irds from Fuerteventura are occasionally observed in 
Lanzarote but they spend  m ost of the tim e in Fuerteventura w here 
the bulk of the population  rem ains and  m ore food is available.
This study is based on sam ples from  Iberia (n=143) and  
from  Fuerteventura (n=242) w hich includes approxim ately the 
85% of the current insular population. The total popula tion  w as 
estim ated at about 200 birds in 2009 (authors' unpublished  d ata).
Field procedures and m orphological analyses
Birds w ere captured, ringed  and  sam pled betw een 1995 
and  2000 in Iberia and  betw een 1998 and  2007 in Fuerteventura. 
Fledglings w ere captured  in their nests and  adu lt and  im m ature 
birds w ere captured w ith  cannon nets at supplem entary  feeding 
points in every sam pled area. Birds w ere aged on the basis of 
p lum age features (Cramp & Sim m ons 1980). All indiv iduals w ere
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w eighed (in g) and  standard  body m easurem ents w ere taken  (in 
mm): length  of w ing chord, bill, culm en, seventh prim ary , tail an d  
tarsus. To test for differences in m orphological traits betw een  the  
tw o studied  populations, first w e conducted a p rinc ipal 
com ponent analysis (PCA) of all the m easured  variables. Then, w e 
perform ed a M ANOVA test including one variable from  each axis 
[weight (g), w ing  chord (mm) and  bill length  (mm)] and  age a n d  
sex as covariates (see results for details).
Genetic analyses
Genetic diversity, population differentiation and detection of migrants
DNA w as extracted from  blood sam ples from  a ran d o m  
subset of the ind iv iduals sam pled in Iberia (n=96) and  all sam ples 
available from  the C anarian islands (n=242), using a s tan d ard  
phenol-chloroform  extraction (Sambrook et al. 1989). Ind iv idual 
sex w as determ ined  in the lab by am plifying a fragm ent of the sex 
chrom osom es Z and W using a polym erase chain reaction (PCR) 
w ith  prim ers 2550F and  2718R (Fridolfsson & Ellegren 1999). The 
presence and size of am plification products w as assessed by 
agarose electrophoreses. Genetic diversity w as assessed using five 
autosom al m icrosatellite loci developed for the Bearded vu ltu re  
(Gypaetus barbatus) (Gautschi et al. 2000) and  17 species-specific 
m icrosatellites (Agudo et al. 2008). We used GENALEX version 6 
(Peakall & Sm ouse 2006) to calculate param eters of genetic 
variability and  the differences betw een the tw o populations w as 
tested using W ilcoxon sign-rank tests.
Population  structure w as m easured  by F st (Weir & 
Cockerham ) tha t w as tested for significance by perform ing 10,000 
perm utations w ith  the program m e GENETIX (Belkhir et al. 2004). 
Since this m easure of d ifferen tiation /fixation  is lim ited to som e 
extent by the diversity of the m arkers (Fledrick 2005), we also 
calculated the standard ised  m easure of genetic differentiation of
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H edrick  (H edrick 2005) (G 'st) using SMOGD (Craw ford 2010). 
A dditionally  w e used the program m e STRUCTURE v.2.2 (Pritchard 
et al. 2000), w hich em ploys a Bayesian clustering m ethod to infer 
the m ost likely num ber of populations (K) assum ing no a priori 
structure. First, w e investigated the m ost likely K runn ing  five 
independen t sim ulations of K=l-3. All sim ulations w ere ru n  using 
default param eters in the adm ixture m odel and  w ith  correlated 
allele frequencies. Each ru n  included 100,000 iterations of burn-in, 
follow ed by 500,000 iterations used  for param eter estim ation. The 
m ost likely value of K w as chosen using  the AK statistic, based on 
the rate of change betw een successive K values, as proposed by 
Evanno et al (Evanno et al. 2005). Then, non-residents or potential 
m igrant ind iv iduals in each of the proposed clusters w ere 
identified using  posterior probabilities calculated for each 
ind iv idual in  STRUCTURE using the "usepopinfo" option.
In order to confirm  the suggested m igrant individuals by 
STRUCTURE, and detect other potential m igrants from  unsam pled  
populations, w e perform ed an assignm ent test im plem ented in 
GENECLASS 2.0 (Rannala & M ountain  1994; Piry et al. 2004). This 
p rogram  uses likelihood-based statistics in com bination w ith  
resam pling  m ethods. G iven tha t w e m ay have not sam pled all 
potential source populations, w e used tw o different likelihood- 
based test statistics. First w e estim ated Eh, the likelihood of 
finding a given ind iv idual in the population  in w hich it w as 
sam pled. This is the m ost appropriate  statistic to use w hen  all 
potential source populations have not been sam pled (Rannala & 
M ountain  1994; Piry et al. 2004). We also used  Lh/Emax, the ratio of 
Eh to the greatest likelihood am ong all sam pled populations (Piry 
et al. 2004), w hich has greater pow er and  is m ost inform ative 
w hen all source populations have been sam pled. We em ployed 
the Bayesian criterion of Rannala & M ountain (Rannala & 
M ountain  1994) and  the resam pling m ethod of Paetkau et al. (Piry 
et al. 2004) to determ ine the critical value of the test statistic {Eh or 
Eh/Emax) beyond w hich ind iv iduals w ere assum ed to be m igrants.
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We selected an alpha level of 0.01 to determ ine critical values, as 
sim ulated data  have show n this level to represent an  appropria te  
balance betw een stringency and  pow er (Piry et al. 2004).
Finally, to assess if the differentiation observed betw een the 
tw o populations could be explained w ithou t any gene flow, w e 
used EASYPOP (Balloux 2001). This p rogram  allow s sim ulating  
m ultilocus population  datasets under a large array of conditions. 
We sim ulated two populations diverging as a result of genetic 
drift and w ithou t any gene flow (we perform ed 100 replicates). 
We assum ed m onogam y, 1000 males and 1000 fem ales for the 
continental source population  and 40 females and  40 m ales for the 
insular deme. Each ind iv idual in  the sim ulation w as characterized 
by 22 unlinked loci w ith  a m axim um  of 15 alleles per locus (values 
as those in our dataset) w ith  average m utation  rate of 5x10"^ and 
95 % single step m utations (Ellegren 2004).
Demographic history
In o rder to estim ate the date of population  establishm ent in 
the C anarian archipelago, we investigated historical changes in 
the effective size of the C anarian population  using tw o likelihood- 
based Bayesian m ethods. The Beaum ont m ethod (Beaum ont 1999) 
im plem ented in  the program m e MSVAR 0.4 assum es tha t a stable 
population  of size N1 started to decrease or increase ta generations 
ago tow ard  the current population  size NO. The change in 
population  size is assum ed to be either linear or exponential and 
m utations are assum ed to occur following a step-w ise m utation 
m odel (SMM). Based on these assum ptions and using  a Bayesian 
coalescent-based M arkov chain M onte Carlo (MCMC) approach, it 
is possible to estim ate the posterior probability d istribu tion  of 
three dem ographic param eters scaled by the cu rren t effective 
population  size (NO): r = NO/Nl (rate of popula tion  size change), tf  
= ta/NO (time since the population  size change started) and  0 = 
2N0p, w here p  is the m utation  rate. Since w e are testing  founder
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an d  bottleneck effects, the sim ulations w ere ru n  u n d er the 
exponential grow th model. G iven that this m ethod does not allow  
a straight forw ard calculation of the tim e of population  change 
(ta), this w as calculated from  f/a f te r  independently  determ ining 
the curren t effective population  size (NO) using the linkage 
d isequilibrium  m ethod  im plem ented  in the p rogram  N eESTIMATOR 
(Peel et at. 2004). For the date calculations w e estim ated the species 
generation time (average age at w hich the females give b irth  to 
offspring; (Ricklefs & M iller 2000) to be around  13 years, using the 
data  from  the long-term  m onitoring of m arked indiv iduals 
(G rande 2006; G rande et al. 2009; au thors ' unpublished  data).
We validated  the results from  the Beaum ont m ethod by 
obtaining another estim ate of the time of population  change w ith  
another m ethod (the hierarchical m odel) developed by Storz and 
Beaum ont (Storz & Beaum ont 2002). This m ethod is im plem ented 
in  MSVAR 1.3 and  quantifies the effective population  sizes NO and  
N1 and  the tim e T  (in generations) since the population  size 
change started. It assum es an exponential change in population  
size and  prior distributions for NO, N l ,  T  and  0 are assum ed to be 
lognorm al. Briefly, this m ethod differs from  the original m odel 
(Beaum ont 1999) in three m ain aspects: 1) in the original m odel, 
m ultip le loci are accom m odated by estim ating posterior densities 
of the param eters for each locus separately and  then taking the 
p roduct of the independen t densities. In the second m ethod, 
posterior densities for both  m odels are estim ated using all loci in 
the sam e MCMC sim ulation. 2) In the original m odel the inferred 
param eters are scaled by curren t population  size {NO) bu t in the 
second m odel the param eters are inferred separately using priors, 
follow ing the approach  of Tavare et al. (1997) and  W ilson and  
Balding (1998). 3) The original m odel is based on the assum ption  
that all param eters other than  m utation  rate w ere identical across 
loci. H ow ever, in the hierarchical m odel param eters are free to 
vary from  one locus to the next (for m ore details see (Storz & 
Beaum ont 2002).
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For bo th  m ethods w e used  w ide uninform ative priors and  
w e perform ed m ultip le runs to evaluate the stability of the 
estim ates. The total num ber of iterations w as larger than  2x10® 
and th inn ing  intervals ranged  from  2x10^ to 5x10^. F irst 10% of the 
updates w ere discarded to avoid biases in  param eter estim ation 
due to the starting conditions as recom m ended by the au thor 
(Beaum ont 1999). The rem aining data w ere used to  obtain  the 
m edian  (50%), and  the low er (10%) and u p p er (90%) quantiles of 
the posterior distributions of the param eters. C onsistency in  the 
shape of the posterior d istributions from  the ind iv idual runs w as 
exam ined to evaluate the convergence of the o u tp u t values.
Results
M orphologic and genetic differentiation
The PCA extracted three m ain com ponents tha t accounted 
for 77.7% of the initial variance. The first com ponent (48.9% of the 
variance) included  tw o variables w ith  positive loadings: bill 
length  (loading=0,88) and  culm en length (loading=0.87). The 
second com ponent (15.7%) clustered m easurem ents of w ing  chord 
(loading=0.77) and prim ary  length (loading=0.92). Finally, 
positive values in the th ird  com ponent (13.1%) w ere only related 
to w eight (loading=0.90). Therefore, w e perform ed the M ANOVA 
test w ith  one variable from  each axis [weight (g), w ing  chord 
(mm) and bill length (mm)]. This analysis indicated an  overall 
significant difference betw een populations (W ilks' Lam bda= 0.52, 
F3.265= 82.6, p< 0.001, Partial Eta Squared = 0.48) w ithou t effects of 
age and sex (p>0.05). Results show ed that C anarian  Egyptian 
vultures are significantly heavier (16%) and  larger (about 3% for 
both  w ing chord  and bill length) than  those from  Iberia (Figure 1).
Genetic analyses indicated that the C anarian population  
had  low er genetic diversity, w ith  an  average expected 
heterozygosity of 0.442 and  an  allele richness of 2.44, than  the
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pen insu lar population, w hich had  estim ates of 0.562 and  2.98 
respectively (Z=2.46, p=0.01 and  Z=2.13, p=0.03). Genetic 
d ifferentiation betw een the tw o populations show ed that the 
insu lar and  the Iberian populations w ere m oderately genetically 
differentiated (Fsr= 0.11, p<0.01). The standard ised  genetic 
d ifferentiation m easure G'sx p rov ided  a value of 0.168 indicating 
an  im portan t differentiation. M ost m icrosatellite loci appeared to 
conform  to the stepwise m utation  m odel; four loci had  at least one 
allele tha t had  a length change different than  the repeat un it (one 
base pair difference). This sm all portion  of loci have unlikely 
affected our results.
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F ig  1 M ean  a n d  95 % confidence in te rv a l fo r th ree  m o rp h o lo g ica l tra its  in  
tw o  v u ltu re  p o p u la tio n s. (CA: C an ary  Islands, n=242; IBE: Iberian  
P en in su la , n=143). R esults fro m  the  M A N O V A  te s t are  show n.
Calculation of the statistic AK [37] from  the STRUCTURE runs 
indicated  tha t two (K=2 (AK=457.3; Figure 2) w as the m ost likely 
num ber of clusters (Iberia and  the Canaries, averaged of 5 runs for 
Ln PfX I ]Cj=(-14808.16) for K=1 and  (-13746.54) for K=2). All runs 
at K=2 p roduced  identical clustering solutions w ith  sim ilar values 
of cluster m em bership q for all individuals. A lm ost all individuals 
(except for some possible m igrants and  their descendents, see 
below) from  Canary Islands w ere assigned to their population
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w ith  q>0.85, an d  vu ltu res from  Iberia w ere assigned to a single 
cluster w ith  ^^>0.84.
Canary Islands (n=242) Iberia (n=96)
F ig  2 C lu s te r in g  an a ly sis  in  STRUCTURE w ith o u t co n s id e rin g  in fo rm a tio n  
a b o u t p o p u la tio n  of o rig in  (k=2). In d iv id u a ls  a re  re p re se n te d  as v e rtic a l 
b a rs , w h e re  th e  am o u n t of each  co lo u r in d ica te s  th e  p ro p o r tio n  of each  
in fe rre d  c lu ster. S am p led  p o p u la tio n s  a re  in d ic a ted  (C an ary  Is lan d s , 
N =242; Iberia , N =96). T hose ca n a rian  in d iv id u a ls  th a t w e re  sig n ifican tly  
id e n tif ied  as m ig ran ts  (or of m ig ra n t ancestry ) w h e n  u s in g  th e  
''u se p o p in fo "  o p tio n  of STRUCTURE (see re su lts , f ig u re  n o t sh o w n ), a re  
in d ic a te d  in  th is  f ig u re  w ith  b lack  a rro w s.
D etection o f  m igrants
U sing sam pling location as p rio r in form ation  for STRUCTURE 
(K= 2), w e identified  tw o ind iv iduals from  the C anary Islands (06P 
and  035) as potential m igrants (probability of m em bersh ip  to the 
Iberian population: q=0.96 and  0.823, respectively), and  one 
ind iv idual (0R6) as potentially  having  m igran t ancestry  (^^=0.48). 
N one of the pen insu lar ind iv iduals seem ed to have orig inated  
from  the islands. A ssignm ent tests perform ed w ith  G e n e c l a s s  
w ere concordant and  also identified these ind iv iduals as m igrants. 
W e d id  n o t detect any other potential m ig ran t ind iv idual tha t 
co rresponded  to an unsam pled  popu la tion  (Table 1).
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Simulation of population differentiation
In order to investigate if the differentiation observed 
betw een the tw o populations could be com patible w ith  com plete 
isolation since the colonization of the islands, w e sim ulated how  
this differentiation could proceed in  the absence of gene flow 
using  EASYPOP. The sim ulations indicated  that the tw o 
popula tions w ould  need about 40 generations (over 500 years) in 
com plete isolation to reach the Est values observed betw een the 
C anarian and  the Iberian populations (0.11) (Figure 3). G iven that 
the  origin of the insular popula tion  is m uch older than  500 years 
(see below) this result indicates tha t occasional im m igration m ay 
have contributed to lim it the popula tion  differentiation.
Results from  the Beaum ont m ethod suggested a strong 
decrease in the C anarian Egyptian vu ltu re  population  size. The 
posterior density distribution for log(NO/Nl) is show n in Figure 4 
together w ith  the flat p rior (dotted line) for com parison, and 
indicates a reduction in effective popula tion  size of about three 
o rders of m agnitude (log(N0/Nl)--3). The posterior density of 
log(ta/NO) indicates an average value of 0.39 (lO^h-ÇOth 
percentiles=0.29-0.48) (Figure 4). Time in generations (to) for the 
popu la tion  collapse w as calculated by using  the estim ate of the 
curren t effective population  size for the C anarian population  
calculated by the linkage d isequilibrium  m ethod. This m ethod 
y ielded an estim ation of 38.8 effective ind iv iduals (ranged from  
36.1 to 41.7), w hich closely m atched the curren t num ber of 
successful breeding birds (mean num ber of breeding pairs during  
the last 8 years=35, m ean productivity=0.54; unpublished  data 
from  the authors). Based on this estim ated effective population  
size, w e calculated that a past popu la tion  bottleneck took place 
around  191 generations or 2,461 years ago (m edian value, 10*^ -90*^  ^
percentiles=2,056-2,892) and the pre-bottleneck effective 
popu la tion  size (Nl)  w as of 21,442 individuals (lO^ h-90^ *^  
percentiles=10,905-38,780).
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Table 1 R esults of th e  m ig ra n t d e tec tio n  ana lysis fro m  STRUCTURE a n d  
from  GENECLASS fro m  w h ich  all in d iv id u a ls  w ith  p ro b ab ilitie s  of 
ass ig n m en t to  th e ir  p o p u la tio n  of o rig in  <0.05 for e ith e r one of th e  tw o  
statistics ifJi, Lh/Lmax),  a re  show n. P o p u la tio n s  are: IBE: Iberia  a n d  
CAN: C an ary  Islands.
St r u c t u r e
q m ig ran ts
ID (w ith  p o p . Fo [-log
(ring) O rig in  in fo rm atio n ) (E/t)]
G e n e c l a s s
ass ig n ed  
Prob. pop . o rig in  p o p u la tio n  
L h /(L h /L m ax)  [-log (L)]
06P
035
0R6
K=2 
(IBE I C A N )
0.956 I 0,00 27.04
0,823 I 0.00 19.39
0.479 I 0.474 I 17.74
0.00/ 0.00
0.017/0.018
0.037/0.028
IBE (19.29) 
IBE (19.35) 
IBE (17.37)
0.40
0.36
0.30
0.25
m  0.20
0.10 
0 05
0.00
80 100 120 140 160 180 200 220 24040 6020
Number of generations
Fig 3 Increasing  d iffe ren tia tio n  (F st) w ith  tim e b e tw een  tw o p o p u la tio n s  
d iv e rg in g  by  d rif t a lone, w ith o u t gene flow . A v erag ed  F sr v a lu es  an d  
s ta n d a rd  d ev ia tio n  d e riv in g  from  100 rep lica tes s im u la ted  in  EASYPOP 
m im ick ing  th e  Ib e rian  a n d  C an arian  p o p u la tio n s  of E g y p tian  v u ltu re s  
(see text).
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Estimate of size and date of population change
Results from  the Storz and  Beaum ont m ethod supported  
these findings and  show ed no overlap betw een the posterior 
d istributions for log(NO) and  log(Nl). The posterior densities w ere 
very different from  the priors used (Figure 5, dashed line) and 
indicated  a strong signature of a population  bottleneck. These 
results suggested a past effective population  size (Nl)  of 45,842 
(10th-90th percentiles = 19,159-109,591), a current effective
population  size (NO) of 38 (10th-90th percentiles= 11-122) (Figure 
5) and  a genetic bottleneck 2,924 years ago (m edian value; 10th- 
90th percentiles= 880-9,130) (Figure 6). These results corroborate 
the estim ates obtained w ith  the previous approach for the curren t 
effective size and  the tim e of the bottleneck. A lthough the 
divergence was larger betw een the estim ates of N l  w hen it w as 
calculated w ith  the Storz and Beaum ont m ethod, both approaches 
suggest a very large effective ancestral population.
149
C h a p t e r  4  \ Foundation of Canarian Egyptian vultures
negative value 
Indicate decrease  
in population size
<M
O
T I
“4 -3  -2
log (N0/N1)
-1 0 1 
log (ta/NO)
Fig 4 Population size change. Posterior distributions of the demographic 
parameters on a logarithmic scale obtained with the Beaumont (1999) 
method: (r) = (NO/Nl) represents the ratio of present (NO) to past (Nl) 
population size; (tf) = (ta/NO) represents the ratio between the time in 
generations (ta) of the population change and the present population 
size (NO). Every solid line corresponds to a different run and the prior 
distribution is shown for comparison (flat dashed line).
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Fig 5 Ancestral and present population sizes. Posterior distributions on 
a logarithmic scale for past (Nl) and current (NO) effective population 
sizes from the Storz and Beaumont (2002) method. Every solid line 
corresponds to a different run and prior distribution is shown (dashed 
line).
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F ig  6 Time of the population bottleneck (founding event). Posterior 
distribution on a logarithmic scale of the date (in years) for the Canarian 
population founding event, obtained with the Storz and Beaumont 
(2002) method. Every solid line corresponds to a different run. The prior 
is shown as a dashed line with median 100,000 years ago and the arrow 
corresponds to the date of human colonization as indicated by the 
archaeological record (about 2,500 years ago).
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D isc u ss io n
The Bayesian analysis of the historical dem ography of the 
C anarian  Egyptian vulture population  revealed the existence of a 
bottleneck approxim ately 2500 years ago and  an  ancestral 
effective population  of tens of thousands of individuals. It is 
unrealistic to assum e that this estim ate represents the form er 
C anarian population  for which, m oreover, no fossil evidence 
exists. Even though the fossil chronology of the Q uaternary  Period 
is well preserved and  birds are one of the best represented  groups, 
especially in Fuerteventura (Cabrera 1996), the only rem ains of 
Egyptian vultures appear to be m odern  (Jaume et aL 1993). This 
w ou ld  suggest that the species was rare or absent from  the islands 
un til recently. The absence of large terrestrial m am m als could w ell 
have precluded the successful colonization of the islands by large 
scavengers. Food resources available to vu ltu res in the Canary 
Islands before the arrival of dom estic anim als w ere scarce and  
variable since they w ould have consisted only of the rem ains of 
seabirds and sea m am m als, or of rodents (Cabrera 1996; 
Bocherens et al. 2006). Even though  shoreline carrion is a valuable 
resource for some vulture populations (C ham berlain et al. 2005), it 
is probably not sufficient for m aintain ing  a stable reproductive 
popu la tion  in islands as sm all as those of the C anarian 
archipelago.
It is thus m ore likely that the estim ated effective population  
size of tens of thousands of b irds corresponds to the ancestral 
source population from  w hich the founders of the C anarian 
popu la tion  originated. Consequently, the date of the bottleneck 
suggested by the genetic data w ould  correspond to the date the 
insular population  was established, w hich  closely m atches the 
arrival of the hum an  colonizers of these islands about 2500 years 
ago (Cabrera 1996). Archaeological rem ains show  that these first 
inhabitants w ere Berber people from  northern  Africa, w ho 
im ported  and m aintained herds of goats (Capra hircus).
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Subsequent chronicles dating  from  the European conquest in  the 
fifteenth century describe large num bers of goats, w ith  m ore than
60,000 on Fuerteventura (1659 km^) (Cabrera 1996). H ence, the 
arrival of hum ans and subsequent livestock could have p rov ided  
sufficient food resources to enable colonization by Egyptian 
vultures. In historical accounts from  the sixteenth to tw entieth  
centuries, these birds are described as very ab u n d an t and  
dependent on dom estic anim als (Bannerm an 1912, 1963; Cabrera 
1996).
The in troduction  of this new  and abundan t food source by 
hum ans could have allow ed not only the colonization by these 
vultures, bu t also their dem ographic expansion and  their putative 
adap tation  to the new  island environm ent. The phenotypic 
differences observed betw een the C anarian Egyptian vultures and 
their potential source population  (Iberia) m ay be due to drift, 
resulting from  the isolation and  sm all effective popu la tion  size in 
the islands. H ow ever, som e m orphological and ecological changes 
observed in the insular vu ltures are com patible w ith  various 
characteristic features associated w ith  insularity: C anarian birds 
are sedentary  (Carlquist 1974), exhibit tendency to gigantism  
(Sondaar 1977) and  are tam er (Gangoso & Palacios 2005).
O ur genetic analyses reveal clear divergence and support 
the curren t classification of the insular dem e as a separate 
subspecies {N. p. majorensis) (Donazar et aL 2002b). This 
differentiation indicates that adm ixture betw een the Iberian and 
Canarian populations m ay be rare. H ow ever, the finding of two 
im m igrant Iberian birds and one ind iv idual of adm ixed ancestry 
on the islands substantiates the fact that, like m any other trans- 
Saharan European species (M artin & Lorenzo 2001), Egyptian 
vultures occasionally reach the archipelago. The m igratory route 
of these vultures crosses the W estern Sahara desert and  can, on 
occasions, pass along the W est African coast, only 95 kilometres 
aw ay from  the C anary Islands and a crossable distance for this 
species (Cram p & Sim m ons 1980; au thors ' unpublished  data).
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These observations suggest that, a lthough  Iberian Egyptian 
vu ltu res could have been able to regularly  reach this archipelago, 
they w ere unable to establish a stable popu la tion  until the arrival 
of hum ans and  goats.
This un ique C anarian Egyptian vu ltu re  popu la tion  has 
suffered a precipitous decline du ring  the second half of the 
tw entie th  century caused by m ortality  due to hum an  persecution 
(D onazar et aL 2002a). H ow ever, food availability has never been 
a concern for the conservation of the species in the islands 
(D onazar et aL 2002a; G angoso et aL 2009). G oat-raising is still the 
m ost im portan t economic activity in  Fuerteventura and goat 
carcasses are still this species' prim ary source of food (Gangoso et 
al. 2006). It is paradoxical that w hile hum an  activities are behind 
the origin of this d ivergent lineage, other hum an  activities are 
contributing  to its demise.
C o n c lu s io n s
The bottleneck associated w ith  the colonization of the C anarian 
archipelago (followed by dem ographic expansion), together w ith  
the p resum ably  different selective pressures of a new  
environm ent, m ay have p rom oted  diversification in this species, 
w hich has occurred over less than  200 generations. Therefore, our 
results show  that anthropogenic environm ental changes can 
induce vertebrate diversification and  that this process can take 
place on an ecological tim e scale, even in the case of long-lived 
species.
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An adult Egyptian vulture takes care of its fledgling lying on the nest 
that was built inside a small caxw on a cliff, with sticks, wool and pieces 
of clothing found somewhere
Un Alimoche adulto vigila a su volanton que descansa en el nido, 
construido en el interior de una cueva en la pared de un acantilado, con 
polos, lana y  trozos de tela encontrados en cualquier lugar.
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La diversidad genética en genes neutrales y adaptatives 
détermina la eficacia individual en un ave territorial de larga 
vida
Resumen
La depresiôn  por endogam ia es la pérd ida  de 'sa lu d ' 
debido al increm ento en la expresiôn de alelos deletéreos o 
perjudiciales (generalm ente recesivos) y la pérd ida  de 
heterozigosidad en genes funcionalm ente im portantes. La 
endogam ia afecta a la supervivencia de las poblaciones a m edio y 
largo plazo. Por ese m otivo uno  de los principales objetivos de la 
biologia de la conservacion es entender los m ecanism os que 
p rom ueven  la pérd ida  de d iversidad genética y el efecto de dicha 
p érd id a  en las poblaciones. La m ayorla de los estudios que 
abordan  este problem a en poblaciones naturales, lo hacen 
em pleando m edidas indirectas, usando  generalm ente m arcadores 
neutrales (como por ejemplo la heterozigosidad individual). Esto 
es debido a que obtener valores precisos de endogam ia ind iv idual 
supone d isponer de pedigries com pletes de varias generaciones, 
lo que suele ser en la m ayorla de los casos, im posible. Sin 
em bargo, se ha criticado y aun  hoy esta en debate, la adecuaciôn 
del em pleo de estas m edidas indirectas debido a que no se sabe 
hasta que pun to  la heterozigosidad m edida en varios loci 
neutrales représenta la heterozigosidad genôm ica de un  
individuo. Por este m otivo, es m uy recom endable analizar de 
form a paralela, genes con significado evolutivo. 
D esgraciadam ente pocos genes funcionales han  sido 
caracterizados en las especies salvajes y estân disponibles para  su 
uso en las poblaciones naturales. En ese sentido y como y a se ha 
explicado en el capitu le 3, los genes del M HC son una excepciôn. 
El em pleo de estos genes en la investigaciôn de la depresiôn po r 
endogam ia tiene adem âs m ucho sentido ya que estân 
directam ente relacionados con la capacidad inm une de los 
individuos, y por lo tanto  con su salud y su supervivencia.
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El objetivo principal de este capitulo es desen tranar el papel 
que la d iversidad  neutra l y funcional juega sobre la salud  
ind iv idual en una poblaciôn aislada de u n  vertebrado  de larga 
vida; el alim oche canario o guirre. Para abordar este objetivo 
com param os los valores de d iversidad  genética obtenidos tras el 
anâlisis de los 22 m icrosatélites y dos loci del M HC clase II p, con 
dos parâm etros de salud individual: éxito reproductor y edad  de 
reclutam iento (edad de la prim era reproducciôn). N uestros 
resu ltados indican que existe una relaciôn negativa entre la 
heterozigosidad  ind iv idual (como una  m edida indirecta de la 
endogam ia) y la edad  de reclutam iento. De este m odo los 
ind iv iduos con m enor 'endogam ia ' com ienzan antes la 
reproducciôn. Por otro lado observam os que una  vez que los 
ind iv iduos com ienzan a reproducirse, es la variabilidad  en los 
genes del M HC lo que déterm ina un  m ayor éxito. Este viene 
determ inado  por un  lado por la d iversidad  en el M HC (num éro de 
alelos) y por otro lado, por la posesiôn de determ inadas 
com binaciones de alelos. N uestros resultados dem uestran  que los 
guirres p resen tan  depresiôn  por endogam ia, es decir que la 
pérd id a  de d iversidad  genética provocada por el declive 
poblacional esta teniendo u n  efecto significativo en la salud 
ind iv idual y en la dinâm ica poblacional. Por un  lado, esta 
afectando a la edad de reclutam iento, lo que puede tener 
consecuencias graves en la dem ografla poblacional, dada  la 
elevada m ortalidad  no natu ra l a la que estân sujetos los adultos de 
esta poblaciôn. Por otro lado, la d iversidad  del M HC estâ 
afectando a la p roductiv idad  de los adultos reproductores. Como 
hem os visto en el capitulo 3, el increm ento exponencial en la 
riqueza y la abundancia de patôgenos observado en Canarias en la 
u ltim a década se ha visto acentuado por la m enguada capacidad 
de respuesta  inm unitaria de los guirres. De este m odo, la 
concatenaciôn de los factores prom otores del declive de esta 
poblaciôn y de los factores asociados a la insu laridad  y a un 
reducido  tam aho poblacional, podrlan  tener consecuencias 
catastrôficas en la supervivencia de esta subespecie ùnica a corto- 
m edio plazo.
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Abstract
There is com pelling evidence about the m anifest effects of 
inbreeding depression on the ind iv idual fitness and  the 
populations' risk of extinction. The m ajority of studies addressing  
inbreeding  depression on w ild populations are generally based on 
indirect m easures of inbreeding using  neutra l m arkers. H ow ever, 
the study of functional loci, as genes of the M ajor 
H istocom patibility Complex (MHC) is highly recom m ended. 
M HC genes genes constitute an essential com ponent of the 
im m une system  of individuals, w hich is directly rela ted  to 
ind iv idual fitness and survival. In this study, w e analyze 
heterozygosis fitness correlations of neutra l and adap tive  genetic 
variation  (22 microsatellite and  tw o loci of M HC Class II, 
respectively) w ith the age of recruitm ent and  breeding success of a 
decim ated and geographically isolated popula tion  of a long-lived 
territorial vulture. O ur m ain results indicate a negative correlation 
betw een neutral genetic diversity and age of recruitm ent. This 
finding suggests that inbreeding m ay be delaying reproduction  
w hich in turn, may reduce the num ber of breeding opportun ities 
and  the probability of an ind iv idual to acquire experience and 
hence to succeed. Secondly, w e found a correlation betw een 
genetic diversity at M HC genes and  breeding  success. Globally, 
our findings dem onstrate that the genetic depaupera tion  in  small 
populations has a negative im pact on the ind iv idual fitness, thus 
increasing the populations' extinction risk.
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Introduction
Inbreeding depression is the decline in m ean fitness d u e  to  
the increase expression of recessive deleterious alleles and  the loss 
of heterozygous advantage at functionally im portan t genes 
(Char les w orth  & Charles w orth  1987). There is now  com pelling  
evidence about the effects of inbreeding on the perform ance of 
ind iv iduals by reducing their survival, breeding  success an d  
resistance to environm ental stress (Crnokrak & Roff 1999; Keller 
and  W aller 2002; A rm bruster & Reed 2005), therefore con tribu ting  
to enhance the risk of extinction of natural popu la tions (e.g. 
M adsen et al. 1996, Lacy & H orner 1997, A cevedo-W hitehouse et 
al. 2003, Liberg et al. 2005; O G rady 2006).
Effects of inbreeding in the w ild  should be ideally  assessed 
by estim ating indiv idual inbreeding coefficients from  detailed  
pedigrees. H ow ever, this inform ation is inherently  difficult to 
obtain  specially in long-lived species. C onsequently, a large 
num ber of studies have used  m olecular m arkers to get indirect 
estim ates of inbreeding and m any have found  significant 
heterozygosity-fitness correlations (HFCs) (e.g. C oltm an et al. 
1998; Thelen & Allendorf 2001; Foerster et al. 2003; H offm an et al. 
2004; M arkert et al. 2004; C harpentier et al. 2005; Da Silva et al. 
2006; H anski & Saccheri 2006; Brouw er et al. 2007; Jam ieson et al. 
2007; O rtego et al. 2007; G rueber et al. 2008; Luikart et al. 2008). 
Two m ain  hypothesis are proposed  to explain HFCs: i) the local 
effect hypothesis suggest that neutra l loci can be linked to loci 
influencing fitness and hence heterozygotes w ou ld  exhibit 
heterozygote advantage by tw o m ain  processes: dom inance, i.e. 
heterozygotes experience low er expression of recessive 
deleterious m utations, and over dom inance, i.e. heterozygotes are 
superio r per se (Hill & Robertson 1968; O tah  1971; D avid 1998; 
Tregenza & W edell 2000; H ansson & W esterberg 2002), ii) the 
general effect hypothesis suggest tha t m ultilocus heterozygosity  is 
reflecting genom ic-w ide variation  or inbreeding (Weir and
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C ockerham  1973; D avid 1998; A cevedo-W hitehouse et al. 2005; 
L uikart et al. 2008; Da Silva et al. 2009). H ow ever, to w h at extent 
heterozygosity  at a few  neu tra l loci reflects genom e-w ide diversity  
rem ains, nonetheless, controversial (Balloux et al. 2004; Slate et al. 
2004; H ansson & W esterberg 2008; C hapm an et al. 2009). A recent 
rev iew  supports the use of HFCs bu t recom m ends the use of a 
com prehensive panel of m arkers and  large sam ple sizes (Szulkin 
et al. 2010). This and  other studies also suggest that heterozygosity  
correlation  am ong m arkers (identity d isequilibrium  or ID) m ay 
indicate that their averaged heterozygosity is likely to be 
inform ative abou t inbreeding  (Pem berton 2004; A paricio et al. 
2007; H ansson  & W esterberg 2008; Szulkin et al. 2010). 
N evertheless, correlations betw een neutra l genetic d iversity  and 
fitness still rem ain  w eak and  inconsistent and are expected to 
depend  on popu la tion  dem ography and  life history (Coltm an & 
Slate 2003; H ansson  & W esterberg 2002; C hapm an 2009). 
Therefore, genetic studies on population  viability should  also 
ideally  analyze adap tive  loci (Frankham  2010).
G enes of the Major H istocom patibility  Com plex (MHC) are 
good candidates for these kinds of studies. These genes are know n 
to  play a crucial role during  pathogen  confrontation and  clearance 
an d  their varia tion  is though t to determ ine the capability of 
ind iv iduals to respond  to pathogens and  parasites, and 
consequently, M H C diversity  has been traditionally  associated 
w ith  ind iv idual fitness an d  outcom e of infection (review ed by 
O liver et al. 2009; R adw an et al. 2009; Spurgin & R ichardson 2010). 
V ertebrates have at least tw o classes of M HC loci, all of w hich 
code for m em brane-bound proteins central to the im m une 
response. Class I loci recognize intracellular pathogens such as 
viruses and  Class II loci are involved in  responses to extracellular 
pathogens such as bacteria and  fungi. M HC loci are clearly u nder 
selection, and p rov ide  a useful tool w ith  w hich to investigate 
adap tive  varia tion  in vertebrates and its relationship w ith  fitness 
(Sommer 2005, P iertney & O liver 2006).
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M any long-lived vertebrate species are curren tly  h igh ly  
threatened d u e  to their conservative life-history strategies w hich  
determ ine their vulnerability  to hum an-related  p ressu res 
(G room bridge & Jenkins 2002). The m aintenance of their 
populations is im portan t from  an ecological po in t of view , since 
they used  to be key species for ecosystem 's functioning (e.g. top  
predators) and  because they can act as um brella species (i.e. the ir 
preservation  enables the parallel conservation of o ther th rea tened  
species w ith  low er social charism a) (Sergio et al. 2006). The 
conservation of insular populations of long lived organism s is 
especially relevant given the habitual phenotypic, genotypic and  
ecological differences of these entities. Furtherm ore, these 
populations are especially vulnerable to inbreeding and  
inbreeding depression because they are naturally  reduced  and  
genetically depaupera te  (Pimm et al., 1988, Frankham , 1995), and  
accordingly, they are usually highly threatened  and  presen t 
higher extinction rates (Frankham , 1998). O btaining 
ind iv idualized  inform ation necessary for the p roper m anagem ent 
of these populations is though difficult and involves long-term  
m onitoring. For this reason there are few studies addressing  
inbreeding depression in threatened populations of long-lived 
species (e.g. C harpentier et al. 2005, 2008; Da Silva et al. 2006; 
K retzm ann et al. 2006; Luikart et al. 2008; Blomqvist et al. 2010), 
m uch less including the analysis of functional genes (e.g. Da Silva 
et al. 2009; Banks et al. 2010; W orley et al. 2010).
In this study  w e investigate the occurrence of inbreeding 
depression  in  a highly reduced and  potentially inbred  insular 
population  of a globally endangered  bird of prey, the Egyptian 
vu ltu re  {Neophron percnopterus). For this purpose w e explore HFCs 
by relating neu tra l (using 22 microsatellites) and  functional (genes 
of the second exon of M HC class II f3) genetic d iversity  w ith  tw o 
dem ographic param eters know n to greatly affect the individual 
fitness: age of recruitm ent into the breeding population  and 
breeding success (Cole, 1954; Lewontin, 1965; Caswell & H astings,
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1980; Oli & Dobson, 1999; W eim erskirch 1992; C ongdon et al. 1993; 
Saether & Bakke 2000; Eberhardt 2002; Becker et al. 2007; G rande et 
al. 2009; Sergio et al. 2009; Bias et al. 2009). Inbreeding depression  
is m ost prom inent for characters associated w ith  reproductive 
fitness (Falconer & M ackay 1996; Lynch & W alsh 1998), as age of 
recruitm ent. W ith respect to this param eter, d ivergent ind iv idual 
reproductive strategies im plying dissim ilar trade-offs, m ay be 
observed w ithin a population: i) b reeding earlier m ay increase 
fitness by raising the probability  of realizing reproduction  and  
reproductive experience (Cam & M onnat 2000; B arbraud & 
W eim erskirch 2005; Sergio et al. 2009; Bias et al. 2009; A ubry et al. 
2009) bu t accelerate, conversely, the effects of aging, ii) delaying 
m aturity  perm its better survival and  additional grow th  or 
experience thus increasing fu tu re  reproductive ou tpu t (Oli et al. 
2002; C harm antier et al. 2006; A ubry et al. 2009), bu t reduces the 
num ber of breeding opportunities, the probability  to acquire 
experience before dying (Bias et al. 2009), and  the fitness due to 
longer generation distance (W ooller et al. 1990, 1992; Oli et al. 
2002). For long-lived species, previous studies have suggested 
strong directional selection for early m atu rity  (e.g. Oli et al. 2002; 
Blums et al. 2002; C harm antier et al. 2006) and  low er lifetime 
productiv ity  in anim als recruiting at older ages (see Becker et al. 
2007 for a review).
W e therefore specifically test the following predictions: i) 
younger recruits correspond to the higher quality ind iv iduals and  
hence they are m ore heterozygous and  less inbred ii) there is a 
positive correlation betw een breeding  success and  heterozygosis 
and iii) regarding to M HC variability  and  given that these genes 
are u nder selection, w e expect th a t h igher frequent genotypes will 
be advantageous for ind iv iduals com pared to rare genotypes.
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M eth od s
Studied species and population
The Egyptian vu ltu re  is a long-lived and  m edium -sized 
(2kg) scavenger tha t presents a broad  d istribution  range w ith in  
the dry areas of Europe, Asia and  Africa and  holds insular 
populations in the Atlantic O cean and  the M editerranean and  
Arabic Seas. It is a trans-Saharan m igratory rap tor b u t insular 
populations are sedentary. R eproductive ind iv iduals m ain tain  
exclusive breeding territories du ring  the breeding  season w hen  
they nest on cliffs and usually lay tw o eggs (Cram p & Sim m ons 
1980, D onazar 1993). The species is declining and  th reatened  in  all 
of its d istribution  range as a consequence of non-natural m ortality  
(Carrete ei al. 2007; BirdLife International 2008). A t present, only
30,000 to 40,000 m ature indiv iduals survive in  the w hole w orld  
and this vu ltu re  is considered "E ndangered" (BirdLife 
International 2008). Insular populations have also suffered drastic 
declines or even becom ing extinct in som e cases (Levy 1996; Sara 
et al. 2009; G angoso et al. 2006). The present study  is based on one 
of the m ain insular populations tha t still rem ain  in W estern 
Europe; the C anarian population. There the species is described as 
a differentiated subspecies (N. p. majorensis) (D onazar et al. 2002a) 
and w hereas it w as very abundan t in the past (M artin, 1987, 
D onazar et al. 2002b, Palacios 2004, A gudo et al. 2010), has also 
suffered a precipitous decline during  the second half of the X X ^  
century (M artin 1987), Therefore, at present m ost of the C anarian 
population  is relicted to Fuerteventura (the sou th  easternm ost 
island) w here intensive m onitoring over the last tw elve years has 
revealed the presence, in average, of 30 breeding te rrito ries/ year 
(SD=6.4) w ith  a m ean productiv ity  (num ber of fledg lings/ 
num ber of breeding pairs) of 0.53 (SD=0.05). In addition, betw een 
2 and  4 breeding pairs are usually observed every year during  the 
breeding season on the closest island, Lanzarote, w hich is located
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less than  10 km  from  Fuerteventura (Donazar et al. 2002b; Palacios 
2004; au tho rs ' unpublished  data). The total population  w as 
estim ated  at about 200 birds in 2009 (authors' unpub lished  data).
M onitoring o f  individual fitness components
From  1998 to 2009, 175 fledglings were cap tured  at nests 
an d  82 im m ature and adu lt birds w ere trapped by cannon netting. 
All birds w ere m arked w ith  both metal and plastic rings w ith  an 
ind iv idual alphanum eric code. A dult and im m ature birds w ere 
aged on the basis of p lum age features (Cramp & Sim m ons 1980). 
W e estim ated that in 2009 85% of the population was indiv idually  
m arked. D uring  the sam e period, we monitored the breeding 
popu la tion  by visiting occupied territories (n=38 territories in 
2009) du ring  the breeding season (from late February to late June) 
to determ ine the presence and identity of breeders, as well as the 
b reeding  success (for details, see G rande et al. 2009).
Genetic am plification and genetic tagging o f n ot banded 
individuals
DNA  extractions w ere performed from  blood sam ples 
using  a s tandard  phenol-chloroform  extraction (Sambrook et al. 
1989). Ind iv idual sex w as determ ined in the lab by perform ing the 
polym erase chain reaction (PCR) w ith prim ers 2550F and  2718R 
(Fridolfsson & Ellegren 1999) on DNA extracts obtained from  
blood sam ples. Individual genetic diversity at neutral loci and  kin 
relationships w ere calculated using the genotypes previously 
obtained by the au thors using 22 microsatellite loci (A gudo et al. 
2008; A gudo et al. 2011). N aturally moulted feathers from  non­
banded  adu lt birds w ere also collected at breeding territories. 
Genomic DNA from  the blood clot contained w ithin  the feather 
shaft w as extracted according to Horvath et al. (2005). DNA 
extracted from  feathers has been successfully used  in  previous
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studies of population  genetics and  parentage analysis (M artinez- 
C ruz et al. 2007; Rudnick et al. 2005, A lcaide et al. 2010). D N A  
sam ples from  feathers w ere also genetically sexed (Fridolfsson & 
Ellegren 1999) and  genotyped for the 22 m icrosatellite loci. W e 
used  the p rogram  GENALEX 6.2 (Peakall & Smouse 2006) for 
detecting repeated  genotypes and  assigning genetically profiled 
feathers to ind iv idual adults. W e successfully am plified and  sexed 
135 feathers (<10% of feathers d id  no t am plified) that yield 26 new  
(not banded) breeding individuals. Feathers from  territories 
occupied by banded  birds m atched in 99% w ith  already resolved 
genotypes. This finding suggests tha t the collection of m oulting  
feathers from  other adu lt b irds ra ther than  the territorial ones is 
unlikely.
P atern ity  assessm ent
Parentage w as evaluated  th rough  both  field observations 
and  the genotypes of the 22 m icrosatellite loci (Agudo et al. 2011) 
using  the likelihood-based approach  im plem ented in C e r v u s  
version 3.0 (Kalinowski et al. 2007). This m ethod calculates 
statistical confidence based on the difference in LOD (i.e., the 
logarithm  of the likelihood ratio) scores of candidate parents. This 
confidence is determ ined  using  criteria tha t are generated th rough  
sim ulation w here the p roportion  of candidate parents sam pled, 
the percentage of m issing genotype data  and sam pling errors are 
taken into consideration (values w ere set by default at 0.75, 0.01 
and  0.01, respectively). This m olecular m ethod allow ed us to 
corroborate field inform ation, resolve the kinship of individuals 
w ith  unknow n parents, i.e. those tha t w ere cap tured  as im m ature 
of adults, identify cases of extra pair patern ity  and resolve the 
identity  of the parents in the case of breeding trios (n=4).
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Neutral genetic diversity and genealogical relationships
Indiv idual genetic diversity  at neu tra l loci w as estim ated in 
for 242 ind iv iduals by estim ating tw o different m easures 
hom ozygosity  by loci (HL) and  internal relatedness (IR) using 
Œ RNICALIN (Aparicio et ah 2006; O rtego et ah 2007) . HL is though  
to  im prove heterozygosity estim ates by w eighting the 
con tribu tion  of each locus to the hom ozygosity value depending  
on  its allelic variability. ÏR is based on allele sharing and  the 
frequency of every allele counts tow ards the final inbreeding 
value, being shared  rare alleles m ore heavily w eighted than  
shared  com m on alleles (Amos et ah 2001). Both m etrics w ere 
calculated. We selected these tw o m easures as indirect indices of 
inbreed ing  because they have been suggested to be better 
predictive of pedigree inbreeding coefficient than  d?- (i.e.
m ultilocus estim ator of the squared  difference in m icrosatellite 
allele sizes w ith in  and  ind iv idual (Goldstein et ah 1995)). 
Furtherm ore, theoretical and practical studies have show n tha t 
heterozygosity  outperform s dP- in estim ating relationships betw een 
genetic variability  and  fitness in  all bu t a few circum stances, and  
therefore m ust be of lim ited use (Keller & W aller 2002). Finally, 
w e calculated m axim um -likelihood estim ates of pairw ise 
relatedness coefficients and genealogical relationships from  
m ultilocus genotypes w ith  the m ethod im plem ented for 
m icrosatellite data  in the softw are ML-RELATE (Kalinowski et ah
2006).
Test o f Iden tity  Disequilibrium
To test w hether heterozygosity at our panel of neutra l 
m arkers actually reflects genom e-w ide heterozygosity, w e 
m easured  the identity  disequilibrium  (ID), i.e. the correlation in 
heterozygosity  across loci, by calculating the param eter g2 . This 
param eter is a m easure of the excess of double heterozygotes at
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tw o loci relative to the expectation under a random  association 
(i.e., covariance in heterozygosity), s tandard ized  by average 
heterozygosity. U nder any form  of inbreeding, this m easure 
should  be constant w hatever the pair of loci considered (Szulkin et 
al. 2010). W e calculated g2 using  the softw are RMES (David et al.
2007) w hich also tests w hether g2 differs significantly from  zero 
based on 1000 iterations.
Functional genetic d iversity
Functional genetic diversity  w as assessed by am plifying the 
second exon of M HC class II ji genes using capillary Single S trand 
Conform ational Polym orphism  (SSCP) analyses (A gudo et al. in  
press). For every individual, w e obtained the allele com position 
and the num ber of alleles (from tw o to four alleles).
H eterozygosity Fitness Correlations
We used G eneralized M ixed M odels (GLMMs) to explore 
the relationships betw een neutra l genetic diversity estim ates {IR 
and  HL), betw een neutral and  functional genetic diversity (both 
GLMMs w ith  norm al error d istribu tion  and identity  link function) 
and  finally betw een genetic diversity  and  the fitness com ponents. 
Age of recruitm ent into the breeding  population  (log-transform ed, 
norm al error d istribution  and  identity  link function) was 
m odelled by including as explanatory variables ind iv idual's sex, 
hom ozygosity (HL), in ternal relatedness (IR), M HC genotype, and 
num ber of different M HC alleles. As reproductive param eters can 
show  inter-annual variability, w e included "year" as a random  
term  in models. The relationship  betw een the breeding success 
(num ber of successful reproductions /  num ber of reproductive 
attem pts; binom ial error d istribu tion  and  logit link function) and 
genetic diversity w as assessed at the indiv idual level and then by 
considering the breeding pair as sam pled units. The first models
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included  ind iv idual's  age and  sex and  variables describing neutra l 
{HL, IR) and  functional (MHC genotype and  num ber of different 
M HC alleles) genetic diversity. The second m odels considered 
ind iv idual's  age, HL, IR, and  M HC genotype of each m ate, total 
n u m b er of different alleles in the breeding pair, and  the parentage 
coefficient betw een the m ates Full m odels w ere sim plified by 
rem oving term s w ith  p > 0.1 (backw ard procedure, Z uur et al.
2009) and significance level w as established at p<0.05.
R esults
Neutral and functional genetic d iversity
The average value for ind iv idual m icrosatellite 
hom ozygosity {HL) and in ternal relatedness {IR) w ere 0.40 
(SD=0.12) and  0.01 (SD=0.18) respectively. M easures of HL and  IR 
w ere highly correlated (P < 0.0001; r -  0.89). Results of the 
analyses of identity  disequilibrium  also indicated a significant 
correlation in heterozygosity across loci (gz =0.007, SD=0.005, 
p=0.03). Pairw ise relatedness coefficients betw een m ates ranged  
from  0 to 0.63 w ith  an average value of 0,07 (SD=0.11). This value 
w as sim ilar to the average value w ith in  the w hole population  
(0.08, SD=0.13).
O ut of 236 birds, 103 individuals presented  tw o M HC class 
II alleles, 19 birds presented  three different alleles and  114 had  
four alleles. Overall, ten different alleles that com prised a total of 9 
different genotypes w ere distinguished, w ith  three genotypes (G l- 
G3, Table 1) accounting for 89% of the genotypic variation in this 
population  (Table 1).
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Table 1 Allele composition and frequencies of the 9 different genotypes 
of the MHC class II p, found in the Canarian Egyptian vultures (from 
Agudo et al in press; Chapter 3)
Alelle
1
Alelle
2
Allele
3
Allele
4
Geno
-type
Allele
Diver­
gence
Frequen
cies
NepelS Nepel9 G1 36 0.259
Nepel NepeS G2 51 0.174
NepelS Nepel9 Nepel NepeS G3 79 0.436
NepelS Nepel9 Nepel Nepe6 G4 SI 0.017
Nepel NepeS Nepe6 G5 80 0.009
Nepel Nepe7 NepeS G6 75 0.076
Nepel Nepe7 G7 4S 0.004
Nepel Nepe20 Nepe7 GS 68 0.004
Nepel Nepe5 NepeS Nepe9 G9 79 0.017
N eutral and  functional genetics w ere negatively linked, as 
show n by the significant relationship betw een both m easures of 
hom ozygosity and  the num ber of M HC alleles (Fig. 1).
H eterozygosity Fitness Correlations
Age of recruitm ent into the breeding population  ranged  
from  4 to 10 years old (average = 5.8, SD=1.45, Fig. 2). Earlier 
recruits (individuals starting breeding at four to five years old) 
presented  significantly low er levels of internal relatedness than  
those recruiting later (from six to ten years old). A lthough 
m arginally significant, a sim ilar relationship w as also found 
betw een recruitm ent and HL (p=0.05). H ow ever, w hen 
sim ultaneously included in m odels, just IR rem ain significant 
(p=0.04), HL loosing even m ore its significance (p=0.10). We did
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n o t find effects of sex (p=0.38) and  functional genetic diversity (all 
p>0.5) (Table 2).
0.10
0,08  -
% 0.06 O)
* 0  0,04  0>
TO
*5)  0,02 a:
g  0,00
^  - 0 , 02  - 
75
3  - 0,04  "O
:>
T3 - 0.06
- 0,08  -
n=lOO
Fi2Z5 = 1 0 62 
p  = 0 , 0 0 1
n=20
n=110
Fi235= 1 0.91 
p  = 0  0 0 1
0,48
(/)
O 0,44  O)
E
75 0,40
n=10G
0,36 n=20
n=110
0,34
3 4
Number of MHC alleles
2
Fig 1 Average values and 95% confidence intervals of individual 
internal relatedness (above) and homozygosity (below) in Canarian 
Egyptian vultures with two, three and four different MHC alleles.
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Table 2 G LM s for age of rec ru itm en t (log -transfo rm ed ; link  fu n c tio n : 
id en tity , e rro r d istrib u tio n : no rm al), in d iv id u a l b ree d in g  success 
(n u m b er of successfu l re p ro d u c tio n s /n u m b e r  of re p ro d u c tio n  
a ttem p ts; link  function : logit, e rro r d is trib u tio n : b inom ial) a n d  
b reed in g  success of p a irs  (link function : logit, a n d  e rro r d is trib u tio n : 
b inom ial) in  C an arian  E g y p tian  v u ltu res . O n ly  v ariab les  re ta in e d  in  th e  
m o d e ls  are  ind ica ted .
Model Variable
Num.
DF
Den.
DF
F P
IR 1 37 5.16 0.0290
Age of 
recruitment HL 1 37 3.96 0,0541
M H C 7 91 3.55 0.002
Individual 
breeding success
No. Diff. 
Alleles 1 97 5.55 0.020
Breeding success 
of pairs
M HC/ 5 33 4.77 0,0022
No. Diff. 
Alleles 1 77 15.93 0.0001
D uring the study  period, w e controlled 393 reproduction  
attem pts. Only 37.7% of the observed breeding  attem pts w ere 
successful, m ost of them  resulting in a single fledgling (94.6%). 
The breeding success of the indiv iduals w as significantly linked 
to functional genetic diversity bu t not to neutral one (all p>0.3) 
(Table 2). The Tukey-K ram er analyses for m ultip le com parisons 
indicated that individuals w ith  genotype G3 presented  higher 
success than  individuals w ith  genotypes G2 and  G4, w hile birds 
w ith  genotype G6 h ad  significant higher success than  b irds w ith  
genotype G4 (Fig. 3). M oreover, ind iv iduals w ith  higher num bers 
of different alleles in their M HC genes have higher breeding 
success than those w ith  low er num ber of alleles (Fi,97=5.55,
p = 0 .0 2 ).
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Fig 2 D istrib u tio n  of age of re c ru itm en t in  the  C an arian  p o p u la tio n  of 
E g y p tian  v u ltu re s  sh o w in g  the  n eu tra l genetic  variab ility  (in ternal 
re la ted n ess , IR, b lack  d o ts , an d  h o m o zy g o sity  by  loci, HL, g rey  dots) of 
in d iv id u a ls  w ith in  each  class.
W hen focusing on the breeding success of breeding pairs, 
w e found  tha t those com posed by ind iv iduals holding a higher 
num ber of different alleles w ere m ore successful at breeding than  
pairs form ed by genetically sim ilar birds (Fi,77=15.93, p=0.0001). 
W e also detected a significant effect of the fem ale M HC genotype 
on the breeding success (F5,33=4.47, p=0.002), w hile tha t of males 
w as no t significant. As in  the previous analysis, neutra l genetic 
d iversity w as not linked to the breeding success of breeding 
pairs.
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Fig  3 P ro p o rtio n  of successfu l re p ro d u c tio n  a tte m p ts  in  85 
rep ro d u c tiv e  E gyp tian  v u ltu re s  g ro u p ed  acco rd in g  to  th e ir  M H C  
g en o ty p es (G1-G7, G9). C ircle size is in d ica tiv e  of th e  n u m b e r  of 
in d iv id u a ls  (N) h o ld in g  each  M H C  g en o ty p e  a n d  the  to ta l n u m b e r  of 
rep ro d u c tio n  o b se rv ed  in  every  case is in d ic a ted  in  the  X axe.
D iscu ssion
To our know ledge, our paper represents the first attem pt 
to link neutral and functional genetic d iversity  to ind iv idual 
fitness com ponents in  a long lived th reatened  avian species. We 
observe significant HFCs at both  neutral and  functional m arkers, 
nam ely a negative relationship betw een neu tra l genetic diversity 
and  the age of recruitm ent of ind iv iduals (hom ozygous birds 
recruit later) and  a quantitative and qualitative effect of 
functional variability (MHC genes) on the b reeding  success of 
individuals and breeding pairs.
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Even though it has been suggested that, in m ost cases, the 
m ore feasible explanation for HFCs is local effect rather than  
general effect (Balloux et al. 2004; Slate et al. 2004; Acevedo- 
W hitehouse et al. 2005; Luikart et al. 2008; Da Silva et al. 2009), 
our results on neutra l loci m ay suppo rt the general effect 
hypothesis, i.e. a relationship betw een ind iv idual hom ozygosity 
and  inbreeding. First, our popu la tion  is partially inbred and 
hence HFCs may be generated as a result of effects of 
hom ozygosity at loci genom e w ide (Weir & C oskerham  1973; 
H ansson  & W esterberg 2002; Slate et al. 2004). Second, the test of 
identity  disequilibrium  (ID) (recom m ended by Szulkin et al. 
2010) show ed a significant correlation am ong loci then 
suggesting that neutral heterozygosity is inform ative about 
genom e w ide diversity and therefore inbreeding (Szulkin et al.
2010). Third, we observed a clear correlation betw een neutral and 
functional genetic diversity w hich m ay also support averaged 
neutral heterozygosity as a good indicator of genom e w ide 
diversity. N onetheless, we can not totally discard a local effect or 
a com bination of bo th  m echanism s given that the statistical 
pow er for detecting HFCs using 22 loci m ay be low  (Balloux et al. 
2004; Szulkin et al. 2010).
Genetic diversity and age o f  recruitment
O ur understand ing  of the factors perta in ing  age of 
recruitm ent in long-lived species is still lim ited. Environm ental 
variability has been considered as one of the m ain param eters 
regulating  this behaviour, m ainly th rough  a control of the 
resources available for organism s, affecting energy acquisition 
and allocation (Erikstad et al. 1998; Cam  et al. 2002; van  de Pol & 
V erhulst 2006; N evoux et al. 2007). H ow ever, w ith in  the same 
environm ental conditions, in tra  population  variability in 
reproductive perform ance w ill be determ ined by the 
heterogeneity in ind iv idual quality  (Cam et al. 2002; van  de Pol &
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V erhulst 2006; Balbontin et al. 2007; Reed et al, 2008; N evoux et al. 
2007 and  2010; A ubry et al. 2009). U nder the general effect 
hypothesis w e expect that heterozygous indiv iduals represent 
the h igher quality b irds in the population. O ur results indicate 
tha t heterozygous or less inbred indiv iduals recruit earlier (at 
four-five years old) than  those significantly less heterozygous 
(recruiting from  six to 10 years old). This m ay suggest: i) 
recruiting  earlier is a better reproductive strategy is this species, 
as previously  suggested for other long lived species (e.g. Oli et al. 
2002; Blums et al. 2002; C harm antier et al. 2006; see Becker et al. 
2007 for a review), ii) the stud ied  population  m ay be subjected to 
inbreeding  depression if increase inbreeding determ ines the 
delay in the age of recruitm ent. We have observed that the age of 
recru itm ent in the stud ied  insular population  (the Canarian 
population) is on average, one year earlier (5.8 years old) w ith 
respect to its closest continental population  (6.5 years old in the 
Iberian Peninsula in W estern Europe, G rande 2006). This m arked 
difference m ay indicate that d ivergent ecological conditions in 
the islands (lower inter-specific and  higher intra-specific 
com petition, environm ental stability, higher availability of 
resources th rough  the year) m ay be favouring an  earlier 
recruitm ent in com parison to the continent, hence supporting 
directional selection to earlier recruitm ent in this population.
Finally, m ate choice could also partially explain the 
observed results. It has been w idely discussed the relationship 
betw een genom e-w ide heterozygosity or degree of inbreeding 
and  sexual characters, then suggesting a directional preference 
for heterozygous m ates (Reid et al. 2005; K em penaers 2007; Thom 
et al. 2008, From hage et al. 2009). Even though  we have not 
perform ed any analysis to test if level of inbreeding is affecting 
m ate choice in  the C anarian Egyptian vultures, theory suggest 
that those ind iv iduals relatively m ore heterozygous w ould  be 
m ore efficient acquiring a breeding m ate and then  breed younger 
than  those m ore inbred, w hich w ould  also support our results.
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Genetic d iversity and breeding success
We do not find a significant relationship betw een neu tra l 
genetic diversity and  breeding success w ith in  the C anarian 
popu la tion  of E gyptian vulture. H ow ever, the productiv ity  of 
this population  is the low est know n for the species all over the 
w orld  round ing  half of the p roductiv ity  observed in its closest 
continental equivalent (D onazar et al. 2002a). Similar 
relationships of productiv ity  in insular populations versus their 
continental counterparts have also been described in other long- 
lived rap to r populations (Tribault et al. 1992), bu t the causes of 
such low productivity  in islands are w idely unknow n and  have 
been included in the so called Tnsular syndrom e' (M acA rthur & 
W ilson 1967; Blondel 2000). It has been previously described 
low er levels of genetic diversity in the C anarian Egyptian 
vu ltu res com pared to its continental counterpart (A gudo et al.
2011), therefore and  w hereas w e have not perform ed an  in ter­
popula tion  study, w e m ay suppose that inbreeding could be 
p laying a role in the com paratively low er insular productivity .
O ur results indicate tha t w hen  the ind iv iduals have 
acquired a territory and  have started  the reproduction , their 
success is related to specific functional genes (MHC genes). This 
finding supports the M HC theory w hich suggests that 
heterozygous ind iv iduals and heterozygous ind iv iduals w ith  
divergent M HC alleles will be at an  advantage (D oherty & 
Z inkernagel 1975; H ughes & Yeager 1998). We observe that 
indiv iduals w ith  particular heterozygous genotypes (G3 and G6) 
p resent higher reproductive success. Furtherm ore, these tw o 
genotypes hold som e of the m ost d ivergent pairs of alleles (Table 
1). In addition, w e detect that those birds presenting  four alleles 
and the reproductive pairs w ith  the higher num ber of different 
alleles succeed significantly m ore tim es than  ind iv iduals w ith  
two alleles.
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We have recently described, in a previous study, 
depaupera te  levels of genetic diversity at M HC genes in the 
C anarian population . The observed genetic diversity and  allele 
frequencies w ere com patible w ith  a scenario of insu lar 
foundation  and  bottleneck and  w e suggested a p rom inent role of 
genetic drift in shaping the observed M HC configuration. 
H ow ever and  based on the com parison w ith  neu tra l genetic 
diversity, w e also detected that selection m ay have acted to 
favour the m ost beneficial allele configurations (A gudo et al, in 
press). Present results corroborate those findings and  show  that 
in fact, both heterozygous and  those indiv iduals holding certain 
group of alleles are being favoured since they present higher 
breeding success. In addition, due to the sharp  increased in 
pathogen  richness and  load observed in the last decade in this 
insu lar population  (Gangoso et al. 2009b), M HC diversity and 
consequently the ind iv idual capability to respond to pathogens, 
m ay be becom ing the m ore critical feature affecting the 
ind iv idual fitness.
Finally, w e observe that w hen  contrasting reproduction 
am ong pairs, only the female M HC genotype is significantly 
correlated w ith  success. As it is described above, pathogen load 
can be crucial in determ ining the survival of indiv iduals and  this 
is particularly  critical for the young animals. The hum oral, 
antibody-m ediated  im m une system  m atures slowly in neonatal 
vertebrates, restricting them  to fighting off infections and 
parasites w ith  the innate im m une system  (Klasing & Leshchinsky 
1999; G rindstaff et al. 2003). Hence, given that vertebrate 
neonates have a rud im entary  im m une defence early in life, the 
antibodies transferred  from  the m other to the offspring can 
pro tect it from  infection and  will constitute an im portant 
add ition  to the neonate 's ability to cope w ith  pathogens 
(H asselquist & N ilsson 2009).
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The whole picture: fa lling  in the extinction vortex
Small and  bottlenecked populations m ay undergo  a 
g radual loss of genetic diversity and increase of inbreeding. 
Inbreeding  m ay affect the ind iv idual fitness by, as in the present 
case, delaying the age of recruitm ent. The delay in the age of 
recru itm ent in populations of long-lived species will reduce the 
popu la tions ' g row th  rate therefore accelerating their risk of 
extinction (W eimerskirch 1992; C ongdon et al. 1993; Saether & 
Bakke 2000; E berhard t 2002; G rande et al. 2009). O n the other 
hand , depaupera te  levels of genetic diversity at im portan t 
functional genes m ay affect the ind iv idual fitness as w ell as 
decrease the global population  productivity . Finally, reduced 
genetic variability m ay determ ine a low er ability to respond  to 
the new  environm ental challenges arising, as for instance, the 
arrival of new  pathogens (A gudo et al. in press).
Based on present results, w e m ay hypothesize that natural 
selection could be favouring heterozygous individuals then 
helping to m aintain  higher levels of genetic diversity than  
expected for a reduced, isolated and  inbreed popula tion  (Agudo 
et al. 2011). O n the other hand , our results clearly indicate that 
the genetic deterioration  in  sm all populations has a negative 
im pact on the ind iv idual fitness (e.g. Keller & W aller 2002; Brook 
et al. 2002; Spielm an et al. 2004; F rankham  2005; Blomqvist et al.
2010) by acting, as show n here, on the ind iv idual reproductive 
perform ance. In our study  case the conjunction of determ inistic 
factors generally related to hum an  activity (i.e. adu lt non  natu ra l 
m ortality  due persecution (D onazar et al. 2002; Gangoso et al. 
2009a), the arrival of new  pathogen  species (Gangoso et al. 2009b; 
A gudo et al. in press)) and  the effects associate to depleted levels 
of genetic diversity (inbreeding depression) can have 
catastrophic consequences in the popula tion  perm anence in  a 
m id-long term .
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The old constructions made only by stone, are camouflaged in the arid 
landscape of Fuerteventura. In the background, the volcano named 
Gairta stands and its crater, like a thirsty mouth, opens to a spring sky 
fu ll o f promises o f rain. In the crater, the same pair o f Egyptian vultures 
breeds since, at least, 1998.
Las antiguas construcciones majoreras hechas de piedra seca, se camuflan 
en el paisaje arido de Fuerteventura. A l fondo, la caldera de Gaina se 
yergue y su crater, como una boca sedienta, se abre hacia un cielo 
primaveral cargado de promesas de Iluvia. En el interior del crater, la 
misma pareja de alimoches cria desde, al menos, 1998.
186
Conicrv Geiwi (20ü8> 9:1345-1348 
DCM IO.I007/SI0992-007-9486-9
Isolation and characterization of 18 microsatellite loci 
in the Egyptian vulture {Neophron percnopterus)
Rosa Agudo * Séverine Roques * Juan Antonio Galarza * Giro Rko •
Fernando Hiraldo * José Antonio Donazar
Received: 19 October 2007 / Accepted; 7 December 2007 / PuhUsbed online: 20 December 2007 
e> Springer Scicnce+Business Media B V 2007
Abstract We developed 18 new microsatellite loci for 
the endangered Egyptian vulture {Neophron percnopterus). 
Microsatellite loci were screened for variation in two 
different populations belonging to separate subspecies: 
the nominal N. p. percnopterus and the Canarian N. p. 
majorensis. Mean expected heterosygosities were respec­
tively 0.51 and 0.46. while the mean number of alleles per 
locus was 4.7 and 3.9. These new markets allow further 
genetic studies for the endangered Canarian Egyptian 
Vulture.
Keywords Neophron percnopterus • Microsatellites • 
Egyptian vulture ■ Conservation genetics
Large avian scavengers are sharply decreasing all around 
the Old World, mainly due to human direct persecution and 
accidental poisoning and electrocution in power lines 
(Koenig 2006). Egyptian vultttres (Neophron percnopterus) 
were continuously distributed from the Iberian Peninsula to 
India and from the Magreb to South Africa. At the present, 
the species has disappeared in most developed countries in 
southern Europe, Middle East and North Africa, where 
only small isolated populations persist (BirdLife 2007). In 
addition, it vanished from many islands such as Cyprus. 
Crete, and Malta in the Mediterranean (Levy 1996) and 
in most of the Canarian and Cape Verde islands in the 
Macaronesia (Donazar et al. 2005). The relict Canarian 
population is currently considered as a differentiated
R. Agudo (E3> • S. Roques ■ J. A. Galarza ■ C. Rko ■
V. Hiraldo ■ J. A Donazar
Departmeni of Applied Biology. Esiacion Biologka de DoAana. 
C.S.I.C, A.vda M* Loiiaui a/n. 41013 Sevilla. Spain 
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subspecies (N. p. majorensis). and it is heavily threatened 
by human-induced mortality. Due to its small size, it may 
also face the risks of inbreeding (Donazar et al 2002, 
Kretzmann et al. 2003). Here, we describe the isolation arxl 
characterisation of 18 microsatellites loci for conservation 
genetic analyses of the species. The development of spe- 
cies-specihc DNA markers will allow the genetic 
characterisation of the surviving populations, the estima­
tion of the possible levels of inbreeding, the genealogical 
relationships between individuals and the degree of gene 
flow between populations.
We constructed an enriched genomic library as descri­
bed by Glenn et al. (2000). DNA extractions were 
performed from blood samples and approximately 10 pg of 
high mtWecular weight DNA was isolated by phenol- 
chloroform extraction (Sambrook ei al 1989). Simulta- 
ireous lestriction-ligation of genomic DNA was carried out 
using the Rsal restriction enzyme and double stranded 
linker-adapted primers according to Hamilton et al. (1999). 
Ligated DNA was enriched with a biotin-labelled probe 
mixture consisting of (GT),o and (CT),o at 10 pM each. 
DNA fragm ents with repetitive sequences were then 
selectively captured by streptav idin-coated Dynabeads 
(Oxoid) and separated by a magnetic field. Enriched DNA 
was eluted in 200 pi dHiO frcmi the magnetic beads and 
concentrated by vacuum centrifugation to a final concen­
tration of ~  100 ng/pl. DNA was then reamplified by 
polymerase chain reaction (PCR), purified and ligated into 
a cloning vector using pOEM-T Easy Vector II (Promega). 
A total o f  750 positive clones were screened and checked 
for inserts using ABI PRISM BigDye Termiiutor Cycle kit 
(Applied Biosystems) and resolved cm an ABI 3KX) 
Genetic Analyser (Applied Biosystems). Primer pairs fen- 
88 potentially usable microsatellite loci were designed 
using the software package Primer3. Polymorphism was
Ô  Springer
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ABSTRACT
Aim Genetically difTerentiated insular populations are candidates for independent 
units for conservation. However, occasional im migration to reduced island 
populations may occur and potentially have im portant consequences in their 
future viability and evolutionary potential. In this study, wc investigate the 
conservation implications o f population structure and connectivity of insular and 
continental populations o f a migratory raptor as determined using genetic tools 
and satellite tracking.
Location Western European populations in the Iberian Peninsula and two insular 
populations in the Mediterranean Sea (Balearic Islands) and Atlantic Ocean 
(Canary Islands).
Methods Wc genotypcd 22 microsatellite loci in 96 Egyptian vultures {Neophron 
percnopterus) from the Iberian Peninsula, 36 from Menorca (Balearic archipelago) 
and 242 (85% o f the current population) from Fuerteventura (Canary Islands). 
We analysed genetic variation to estimate structure, gene flow, genetic diversity, 
effective size and recent demographic history o f the populations. Additionally, 
19 vultures were marked with satellite transmitters to track their migration routes.
Results Insular populations were genetically differentiated from those o f the 
mainland. We detected immigration in the insular populations and within 
the continental counterpart. We found similar levels o f genetic variability between 
the continent and the islands, and a bottleneck analysis indicated recent sharp 
population declines in both archipelagos but not on the continent.
Main conclusions O ur study provides evidence that, in spite o f significant 
differentiation, insular populations o f highly mobile species may remain 
connected with the mainland. Conservation programmes should take into 
account population connectivity and integrate differentiated units o f management 
within complex units o f conservation that can best maintain processes and 
potential for evolutionary change.
Keywords
Connectivity, island, microsatellites, m igratory vulture, population genetics, 
satellite tracking.
Î>
INTRODUCTION
Understanding population structure and connectivity is crucial 
for determining units of management for wildlife conservation 
programmes (Moritz. 1994; Saccheri et a i, 1998; Scgelbacher 
& Storch, 2002; Schtickzellc et al„ 2005; Palsboll et al:, 2006; 
Anderson eî al., 2009). Understanding processes structuring
O 2010 Blackwell Publishing Ltd
populations in environments comprised of discrete spatial 
units is especially challenging (Haila. 1990). The theory of 
island hiogcography (MacArthur & Wilson, 1967) offers a 
conceptual framework for the study of differentiated entities. 
Islands are viewed as dynamic units where immigration aad 
extinction rates occur as functions of island area and isolaticet. 
Island isolation is thought to be subject to different spatial
DOI: 10.1in/J.1472-4642.2010.00724.x
httpy/wileyonlinelibrary.com/Journal/ddi 1
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The role of hum ans in th e  diversification of a 
th reatened  island raptor
Rosa Agudo**, Giro Rico^ Carles Vila\ Fernando Hiraldo*. José Antonio Donazar*
Abstract
Background: Anthropogenic habitat modifications have led to the extinction of many species and have favoured 
the expansion of others. Nonetheless, the possible role of humans as a diversifying force in vertebrate evolution 
has rarely been considered, especially for species with long generation times. We examine the influence that 
humans have had on the colonization and phenotypic and genetic differentiation of an insular population of a 
long-lived raptor species, the Egyptian vulture (Neophron percnopterus).
Results: The morphological comparison between the Canarian Egyptian vultures and the main and closest 
population in Western Europe (Iberia) indicated that insular vultures are significantly heavier (16%) and larger 
(about 3%) than those from Iberia. Bayesian and standard genetic analyses also showed differentiation (Fsr = 0.11, 
p < 0.01). The inference of changes in the effective size of the Canarian deme, using two likelihood-based Bayesian 
approaches, suggested that the establishment of this insular population took place some 2500 years ago, matching 
the date of human colonization. This is consistent with the lack of earlier fossils.
Conclusions: Archaeological remains show that first colonizers were Berber people from northern Africa who 
imported goats. This new and abundant food source could have allowed vultures to colonize, expand and adapt 
to the island environment. Our results suggest that anthropogenic environmental change can induce diversification 
and that this process may take place on an ecological time scale (less than 200 generations), even in the case of a 
long-lived species.
Background
The negative impact of humans on biodiversity is well 
know n and  is o ften  referred  to as th e  six th  m ass 
extinction'. For many endangered species, humans 
have induced fragmentation and declines in population 
size tha t have led to strong drift in many species (e.g. 
(1-4]J. Species endemic to islands have paid one of the 
highest tolls, as shown, for instance, by the  massive 
ex tinctions tha t followed the hum an colonization of 
the Indo-Pacific archipelagos [5]. Human colonization 
of islands is typically associated with habitat destruc­
tion and fragmentation, as well as with other processes 
such as overexploitation or introduction of exotic spe­
cies and pathogens that can seriously dam age species 
richness [6.7]. In island ecosystems above all, invasions 
of exotic species have been implicated as an im portant
• CoffespofxJence; tosagudo^dxl£Sk:.M
'Department of Conservation Biology, Donana Biological Station (CSIO. Av.
Améfico Vespucio s/n. E-41092 Seville, Spain
Full Bst of author information is available at the end of the article
factor in population loss and extinction [8,9]. However, 
alien species may also be beneficial to some native spe­
cies and act. for example, as new and abundant food 
resources [ 10,11 ].
The unprecedented rate of anthropogenic perturbation 
that has affected many regions during the last centuries 
may be directly or indirectly prom oting changes in the 
selective forces acting on natural populations [12], Con­
sequently, hum an activity has become associated with 
evolutionary changes that occur over periods of a few 
hundred years, otherwise known as 'contem porary evo­
lution* [13-15]. Several studies have reported adaptation 
occurring through contem porary  evolution in species 
confronting anthropogenic environmental changes (see 
[16] for a review]. However, w hether such an th ro p o ­
genic modifications can also prom ote phenotypic diver­
sification  and perhaps even spéciation  of wild 
vertebrates has rarely been considered. Nonetheless, it 
seems unlikely that human actions would have triggered 
divergent evolution in vertebrate populations, especially
O 2010 Agudo ei al; lictnsee ftoMed Central Ltd This is an Open Access article distributed under the terms of the Creative Commons 
B i o M t e d  C G D tfd l  Attribution license fhttpy/creativecommorvsorg/Hcenses/by/ZO), which permits unrestricted use. distributloa and reproduaion in 
any medium, provided the original work is properly cited
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e s  1. El estudio  de la estructura poblacional y flujo génico en tre  
las poblaciones insulares y continentales de A lim oche 
sugiere que las poblaciones islenas de especies con capacidad  
d ispersiva pueden  estar conectadas a sus équivalentes 
continentales aun  cuando se hallan producido  fenôm enos 
claros de diversificaciôn.
e s  2. El anâlisis de la estructura poblacional de Alimoche en la 
Peninsula Ibérica sugiere la reciente fragm entaciôn de u n a  
poblaciôn Ibérica panm ictica y la consecuente diferenciaciôn 
genética y aislam iento de los alimoches andaluces, los m as 
am enazados.
e s  3. A pesar del progresivo declive que estân sufriendo todas 
las poblaciones de Alimoche, los niveles de d iversidad  
genética de la especie nos son alarm antem ente reducidos y 
por el contrario, com parables a los de otras especies sim ilares 
en m ejor estado de conservaciôn. Por otro lado, cabe destacar 
la sim ilitud encontrada entre los niveles de d iversidad  
genética insular y continental, probablem ente facilitada por 
la existencia de cierto flujo génico.
e s  4. Respecto a la d iversidad  observada en los genes del 
Com plejo M ayor de H istocom patibilidad (MHC) clase II B, 
las poblaciones insulares de Alimoche (Canarias y Baléares) 
p resen tan  m enor d iversidad genética que su équivalente 
continental (Peninsula Ibérica). Los patrones observados 
sugieren  que ha sido la dériva génica la fuerza evolutiva 
p rédom inante  en estas poblaciones insulares, por encima del 
las fuerzas de selecciôn.
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C5S 5. La co-evoluciôn de las dos copias am plificadas del gen del 
M HC, sugerida po r nuestros resultados, déterm ina la co- 
segregaciôn de pares de alelos divergentes que se encuentra 
en fuerte desequilibrio de ligam iento. Dicho fenôm eno ha 
podido  contrarrestar, en parte, la pérd ida  de d iversidad  
genética acontecida en las islas, al aum entar la capacidad de 
respuesta inm une prom oviendo la co-segregaciôn de las 
com binaciones de alelos m as eficientes.
CsS 9. La colonizaciôn y establecim iento de los alim oches 
canarios tiene lugar hace aproxim adam ente 2500 ahos 
coincidiendo con la llegada de los prim eros colonizadores 
hum anos (beréberes) y su ganado (cabras). La llegada de esta 
fuente abundante de alim ente perm itiô  no solo el 
asentam iento de esta especie en las islas si no tam bién su 
explosion dem ogrâfica y consecuente diferenciaciôn al 
adaptarse a nuevo am biente insular, en un  periodo de 
tiem po m uy corto (tan solo 200 generaciones).
0 3  10 . Existe una  correlaciôn negativa entre la heterozigosidad 
ind iv idual y la edad  de reclutam iento de los jôvenes en la 
poblaciôn reproductora del alim oche canario. Asi m ism o, se 
observa una correlaciôn negativa entre la d iversidad  en los 
genes del M HC y el éxito reproductor, y una  relaciôn 
cualitativa que sugiere que los individuos con determ inadas 
com binaciones de alelos son m as exitosos en la reproducciôn.
05  11. El présente trabajo dem uestra que el deterioro genético 
sufrido por las poblaciones reducidas tiene efectos negatives 
en la eficacia biolôgica ind iv idual lo que a su vez puede 
determ inar a m as largo plazo las probabilidades de 
supervivencia de una poblaciôn.
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